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ABSTRACT OF DISSERTATION 
 
 
 
INTERFACES IN LEAD-FREE TIN PEROVSKITE PHOTOVOLTAICS: AN 
INVESTIGATION OF ENERGETICS, ION MOBILITY, SURFACE MODIFICATION, 
AND PERFORMANCE 
 
Halide perovskites have generated tremendous interest as low-cost 
semiconductors for optoelectronics, such as photovoltaics, lasers, and light emitting 
diodes due to their extraordinary optical and transport properties. Perovskite 
photovoltaics in particular have demonstrated a meteoric rise in power conversion 
efficiencies and drawn considerable interest as a next-generation solar energy technology. 
The rapid development has centered around lead-based derivatives, and concerns 
regarding the toxicity of lead has sparked interest in low toxicity and more 
environmentally friendly perovskite derivatives. In this regime tin (Sn) is regarded as a 
prominent alternative owing to the ideal bandgap and reduced toxicity exhibited by Sn-
halide perovskites. Not without its own shortcomings, tin perovskites photovoltaics 
currently suffer from lower efficiencies and stability than their lead counterparts. Here, 
interfaces within the device are of upmost importance as the surface chemistry and 
energetics significantly impact the performance and stability of photovoltaic devices.  
 
To investigate the interfacial energetics in tin perovskites low energy ultraviolet 
photoelectron spectroscopy (UPS) and low energy inverse photoelectron spectroscopy 
(IPES) systems were developed. For the former, a novel H Lyman-α vacuum ultraviolet 
photon source was introduced and characterized to show its ability to mitigate sample 
degradation and reduce background noise. Application of these systems to tin perovskites 
provided insight into the variation of reported ionization energies of neat films and 
revealed that both the inclusion of common additives and sustained air exposure, can play 
a considerable role on measured energetics. UPS, IPES, and X-ray photoelectron 
spectroscopy (XPS) were also employed to perform the first direct measurements of 
frontier electronic energy levels at the formamidinium tin iodide (FASnI3)/C60 interface. 
We observe band bending in both materials and transport gap widening in FASnI3 at the 
interface with C60. XPS results show that this is due, in part, to iodide migration from the 
perovskite into C60, which results in a distortion of the perovskite surface structure and n-
     
 
doping of C60. To further probe surface/interfacial chemistry and energetics perovskite 
films were modified with small molecules. FASnI3 treated with carboxylic acids and 
bulky ammonium substituted surface ligands resulted in slight alterations of the 
interfacial energetics, which resulted in a more favorable energetic landscape and 
improved PV performance. Further, PV devices treated with a fluorinated carboxylic acid 
derivate showed greatly enhanced device stability. Finally, the ability of surface ligands 
to reduce iodide diffusion out of the perovskite layer was examined.  
 
KEYWORDS: Formamidinium tin iodide, perovskite solar cell, photoelectron 
spectroscopy, inverse photoelectron spectroscopy, surface modification, ion diffusion 
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 INTRODUCTION 
1.1 Background Information 
Over the past decade a truly global initiative has begun to reduce the consumption 
of finite fossil fuels in efforts to lessen dependence on oil-rich countries, provide reliable 
energy to third world countries, and most importantly combat man-made climate change. 
As such, a paradigm shift in the energy market is underway as the development and 
application of renewable energy technologies are revolutionized. In early 2019 it was 
reported that one third of the global energy capacity is now based on renewable energy 
technologies; these primarily consist of hydropower, wind energy, solar energy, and 
biofuels.1-2 Hydro accounts for the largest share at 50% of the total renewable energy 
capacity while wind and solar energies account for most of the remainder at 24% and 20% 
respectively.1-3 Despite being third in total renewable energy capacity, solar energy is the 
fastest growing technology with an increase in capacity  of 24% over 2018.1-3 As shown 
in Figure 1.1, Installation of new solar capacity was double that of wind, and five times 
that of hydro throughout 2018.1-3 Even compared against non-renewable energy 
technologies, solar was the frontrunner with twice as much power generating capacity 
added as coal and natural gas.3 In order for the continued growth of solar energy 
researchers need to continue exploring alternative light harvesting materials and device 
structures to reduce costs, improve efficiency, increase production throughput, increase 
stability, and expand integration capabilities.   
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Figure 1.1: Power generating capacity installed in 2018. Data from Global Energy Monitor (2019); 
IRENA (2019); SolarPower Europe (2019) 
 
1.1.1 Generational Solar Energy Technologies 
The rapid growth of solar energy can be attributed to its’ decreasing costs and 
flexible incorporation to areas inaccessible for hydro and wind, such as urban and 
residential settings.4 The development of solar cells, also known as photovoltaics (PVs), 
stretches back well over a century to 1883 when American inventor Charles Fritts used 
selenium to fabricate the world’s first solar cells.5 Though less than one percent efficient 
this sparked several decades of research. The next major advance was in 1954 when three 
individuals from Bell Labs; Daryl Chapin, Calvin Fuller, and Gerald Pearson developed 
the first silicon solar cells which boasted six percent efficiency.5 This marked the 
beginning of the silicon solar cell era, which is now classified as the “first-generation” of 
photovoltaic technologies. Consisting of mono and poly crystalline silicon doped to 
create p-n junctions, first generation PV technologies were initially wildly expensive and 
found suitable only for space applications.5-6 However, in 1973 spurred by the 
Organization of Arab Petroleum Exporting Countries oil embargo, the US government 
scrambled to reduce dependency on foreign oil resulting in an influx of funding for PV 
development.7 This coincided with the boom of the integrated circuit industry and the 
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development of commercial metal-oxide-silicon field-effect transistors (MOSFETs), 
which provided silicon PV researchers with valuable knowledge for processing and 
fabrication of silicon at industrial scales.4, 6 This allowed for rapid progression of the field 
and significant reductions in cost. However, the bottom-line for silicon-based PVs is 
limited by the intensive purification required for PV grade silicon, and in response the 
search for lower cost materials began.8 This marked the beginning of the “second-
generation” of PV technologies which utilize more efficient light absorbers and therefore 
require thinner active layers of 1-10 μm compared to >100 μm for crystalline silicon.  
 
This class is also referred to as “thin-film solar cells”, of which the most popular 
absorbing materials are cadmium telluride (CdTe), copper indium gallium selenide 
(CIGS), amorphous silicon (a-Si), and gallium arsenide (GaAs). With the exception of 
GaAs PVs, this class of solar cells is cheaper to produce than conventional crystalline 
silicon although they have lower overall efficiency.4, 9 GaAs on the other hand is 
currently responsible for the record for highest efficiency of a single junction solar cell at 
29.1%.9 The trade-off comes at an extremely high price and, like early crystalline silicon 
cells, GaAs cells have found applications primarily in spacecraft. While these second-
generation solar cells do have significant installed capacity, they have been losing the 
battle for market dominance against traditional silicon cells with their market share 
peaking at about 20% in the mid-1990s and steadily declining since 2009.10    
 
The search for a competitor for crystalline silicon cells is still underway and a 
number of emerging technologies have been identified and termed the “third-generation.” 
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This consists of a variety of different technologies including copper zinc tin sulfide 
(CZTS) solar cells, dye-sensitized solar cells, organic solar cells, and perovskite solar 
cells. While varied in their approach, these technologies generally utilize thin films like 
the second-generation and aim to reduce costs through the use of earth abundant 
materials.  Additionally, dye-sensitized solar cells, organic solar cells, and perovskite 
solar cells can be semi-transparent, flexible, and employ conventional roll printing 
techniques, which allows for integration into new areas, incredibly low fabrications costs, 
and easily scalable production.4, 11-13 Of these emerging third-generation technologies 
perovskite solar cells have shown incredible promise as the future for solar energy 
harvesting with laboratory PVs already well over 20% efficiency and nearing the best 
silicon PVs efficiencies while using low-cost and solution processable materials.8, 14  
1.1.2  Perovskite as a Material Class 
The name “perovskite” was originally given to the mineral calcium titanium oxide 
(CaTiO3) and was coined after the Russian mineralogist Lev Perovski.15 More generally 
“perovskite” is used to refer to the class of materials which share a crystal structure 
similar to that of CaTiO3 and can be defined by the formula ABX3. Oxides are the most 
common form of perovskites and like CaTiO3 follow the chemical formula A2+B4+O2-3, 
though it is possible for other combinations of elements to adopt a perovskite structure.  
Semiconductor perovskites used in photovoltaics follow the same chemical formula with 
reduced valency at each site (A+B2+X-3) characterized by [BX64-] corner sharing octahedra 
with A+ cations occupying 12-fold cuboctahedral voids as shown in Figure 1.2.16-18  
5 
 
 
Figure 1.2:Perovskite (MAPbI3) crystal structure showing the A site cation (methylammonium, 
CH3NH3+) surrounded by the corner sharing BX6 octahedral. 
 
Perovskite compositions that adopt this structure use halide ions (Cl-, Br-, or I-) in 
the X-site whose reduced negative charge and large ionic radii severely limit suitable 
divalent metals that are capable of the octahedral coordination geometry.17 The most 
common B2+ metal is Pb2+, although alkaline earth metals, bivalent rare earth metals, and 
some other group 14 elements can be used.17 The most common A+ cations that have 
been used to stabilize the 3-D perovskite structure with these large halide anions are 
cesium (Cs+), methylammonium (CH3NH3+ or MA), and formamidinium (CH(NH2)2+ or 
FA).8, 17, 19 In early photovoltaic applications usually a single perovskite composition was 
utilized (example, MAPbI3); however as the field has developed mixed perovskites have 
grown increasingly common (example, FA0.8MA0.2Pb(I0.6Br0.4)3).8, 20 The use of mixed 
cations and halides allows for tuning of the perovskite lattice and optoelectronic 
properties, which can enhance device stability and performance.20 Due to the mixture of 
organic and inorganic components these perovskites are often referred to as “hybrid-
perovskites” though purely inorganic structures are available (example CsPbI3). 
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1.1.3 Perovskite Photovoltaics 
The first hybrid organic-inorganic perovskites were synthesized by Dieter Weber 
in 1978 when he replaced cesium with methylammonium as the A site cation.21-22 
However, it was not until 2009 that they were first introduced as an active material in 
photovoltaics when the Miyasaka group used MAPbI3 as a light sensitizer in dye-
sensitized solar cells with a liquid electrolyte.23 Though the power conversion efficiency 
(PCE) at this time was only 3.8% the light harvesting abilities of the perovskite sensitizer 
were recognized and in the following years performance increased to above 8% PCE.24-26 
Then in 2012 the Park group reported on the first high-efficiency solid-state perovskite 
solar cell which utilized a MAPbI3 nanoparticle absorber layer and selective hole 
transport material 2,2′,7,7′‐tetrakis(N,N‐di‐p‐methoxyphenylamine)‐9,9′‐spirobifluorene 
(spiro‐OMeTAD) to achieve 9.7% PCE.27 A few months later Snaith and co-workers 
successfully replaced the nanoparticle structure with a polycrystalline perovskite thin film 
MAPbI2Cl absorber layer and attained 10.9% PCE.28 These pioneering works cracked the 
field open and led to an explosion of research efforts and a meteoric rise in device 
efficiency. One decade after the initial reports by the Miyasaka group the certified record 
PCE for a single junction perovskite solar cell has reached 25.2%.9     
This accelerated progression can be attributed to numerous extraordinary 
properties exhibited by  perovskite materials, relative to other solution processed 
semiconductors, including high absorption coefficients29, high carrier mobility30, long 
charge-carrier diffusion lengths31, high defect tolerance32, tunable bandgap33, low exciton 
binding energy34-35, and low production cost methods.36-37 From an early point 
discussions have floated around the commercialization of perovskite solar cells. Here 
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they exhibit excellent candidacy due to their high efficiencies, utilization of earth-
abundant raw materials, low purity requirements, and compatibility with solution 
processing methods like roll-to-roll printing.8 Today over a dozen companies report 
undergoing efforts to commercialize perovskite PVs including both old guard companies 
like Panasonic and Toshiba and startups dedicated solely to perovskites. It is not all 
smooth sailing though, perhaps the longest standing and most daunting challenge to be 
faced for commercialization of perovskite solar cells is the high toxicity of lead.  
 
The highest performing perovskite PVs have always utilized lead as the primary 
B-site cation. Unfortunately, the easy solution processability of lead perovskites is both a 
blessing and a curse. The easy dispersion of lead salts and other precursors in solvents 
makes them ideal for printing techniques, but also means they exhibit dissociation and 
dispersibility in polar solvents such as water. For example, in the presence of water 
MAPbI3 decomposes into hydroiodic acid (HI), methylamine (CH3NH2), and lead iodide 
(PbI2).38 Methylamine has shown potential for bioaccumulation and negative health 
impacts, of greater concern though is lead iodine (PbI2) .39-40 On its’ own is a known 
carcinogen PbI2 also has a solubility product constant (Ksp) on the order of 10-8 in water,  
significantly higher than what is seen for other heavy metal compounds used in solar cells 
(CdS, PbS, and CdTe) that span the range of 10-27 to 10-34.38 This is very worrisome 
because Pb2+ has shown extensive bioaccumulation and poisoning in humans, animals, 
and plants even at low exposure levels.38, 40 Even worse, a recent study suggests that the 
addition of an organic cation like MA+ has an amplifying effect on the lead uptake of 
plants grown in soil containing PbI2.41 The report concludes that lead from halide 
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perovskites is ten times more bioavailable and therefore significantly more dangerous 
than other lead sources.41 Children are especially susceptible to the effects of lead 
poisoning; lead levels of 10 mg/dL in the blood is enough for significant impairment of 
cognitive functions, slow growth, malformed bones, comas, and even death.42-44  To 
combat this, the center for disease control has employed the Childhood Lead Poisoning 
Prevention Program which is just one of many such programs. Across the globe there are 
already stringent regulations on the use of lead in commercial products.45-46 Given the 
numerous applications throughout history, from leaded gasoline to paint and solder, the 
toxic effects of Lead are well known, and it truly is a feared neurotoxicant across the 
world. As such, incorporating lead into clean energy technology is counterintuitive and it 
is expected that this would be met with heavy resistance. This has inspired a focus on 
lead-free, tin-based perovskites, which is presented within this dissertation. 
1.1.4 Lead-free Perovskite Photovoltaics  
To date the only B-site cation to have achieved reasonable device performances in 
place of lead is its group 14 neighbor, tin.  This was first achieved by  Snaith and co-
workers in early 2014 when they employed MASnI3 as the active absorber in a fairly 
standard device architecture lifted from MAPbI3 devices.47 The maximum device 
performance achieved was 6.4% PCE, though devices were highly inconsistent.47 Not 
even one week later, a second report was published demonstrating hybrid tin perovskite 
photovoltaics, this one by the Kanatzidis group. This report utilized the same device 
architecture; however, in addition to pure MASnI3, chemical substitution of iodide with 
bromide was used to tune the bandgap of the perovskite layer (MASnI3-xBrx, X=1, 2, 3).16 
The MASnI3 devices demonstrated an average PCE of 5.23% and the best overall 
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averages resulted from MASnIBr2, which had an increased optical band gap of 1.75 eV 
and an average PCE of 5.78%.16 Together these two reports successfully demonstrated 
the first viable low-cost nontoxic lead replacement in organic-inorganic perovskites; and 
in doing so inspired the subset of lead-free perovskite solar cells.  
 
Though research efforts have been less zealous, lead-free tin-based perovskites 
have continued to quietly improve and today have reached a maximum PCE of 12.4%.48 
Although this is still well short of record lead perovskites efficiencies, tin-based 
derivatives remain an attractive alternative due to their lower toxicity and more ideal 
bandgap. When considering the Shockly-Queisser limit, the maximum theoretical solar 
cell efficiency for a single absorber cell, tin perovskites have the edge over lead 
perovskites owing to their reduced band gap of 1.35-1.4 eV, which places them at nearly 
the highest theoretical limit. Regarding toxicity, Sn2+ is still dangerous for humans and 
animals, however, a key difference from lead is that upon environmental exposure Sn2+ 
will rapidly oxidize to Sn4+ (SnO2), which is non-toxic and highly insoluble in water.41, 49 
The same study that examined the bioavailability of lead from halide perovskites also 
carried out the same experiments on tin halide perovskites and found that tin was 
significantly less bioavailable.41 The inclusion of the organic cation did increase uptake 
but the overall bioavailability was drastically less than that of lead and it was found that 
there was a negative correlation between the amount of tin in the soil and the 
bioavilabllity.41 As a result tin remains a promising candidate for replacing lead, though 
there are certain drawbacks such as oxygen instability and higher defect concentration.  
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1.1.5 Solar Cell Operation 
In principle the goal for every solar cell is the same, to produce electricity from 
absorbed sunlight. A high-performance solar cell will possess several general 
characteristics that facilitate device operation with minimal losses. These include strong 
absorption of the solar spectrum, low exciton binding energies, high charge-carrier 
mobilities, long charge-carrier lifetimes, and efficient charge extraction by surrounding 
layers. In short, any photon that is not absorbed, or is absorbed and does not result in free 
charges collected at the electrodes, results in a loss of efficiency. However, the 
underlying mechanisms by which this is achieved are widely varied and important to 
consider when comparing and contrasting the different technologies. 
 
In all cases the process starts with the absorption of a photon by the 
semiconducting active layer and the generation of a bound electron and hole (called an 
exciton). From here the aim is to separate the exciton into free charges, extract these 
charges from the active layer, and collect them at opposite electrodes. However, the 
mechanisms for accomplishing this begin to deviate shortly after absorption due to the 
variable exciton binding energy, that is, the strength of the columbic attraction between 
the electron and hole. The exciton binding energy is primarily dictated by the host 
material’s dielectric constant. In organic solar cells the dielectric constant is usually quite 
small resulting in excitons with high binding energies (>0.2 eV) and small radii known as 
Frenkel excitons that are difficult to dissociate.50 At the opposite end of the spectrum 
crystalline silicon typically has a very high dielectric constant resulting in excitons with 
low binding energies (<0.015 eV) and large radii known as Wannier-Mott excitons, 
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which dissociate nearly instantaneously given that their binding energy is less than kT at 
room temperature.50-51 Perovskite materials fall somewhere in between, though it is 
generally accepted that they form Wannier-Mott type excitons and binding energies are 
reported from 0.012-0.098 eV.35, 50 In each case the varying exciton binding energy gives 
rise to different methods of exciton dissociation and therefore charge 
separation/collection, which dictates the device performance and applicable device 
structures.  
 
   Traditional silicon PVs for instance are simply large p-n junctions created by 
doping a silicon wafer from both sides with opposite dopants. At the interface between the 
two a depletion region is formed resulting from diffusion of electrons and holes, which in 
turn generates an opposing electric field until a state of equilibrium is reached. In thick 
crystalline silicon solar cells this depletion region is comparatively narrow relative to the 
silicon layer thickness and charge-carrier separation is dominated by diffusion. That is, 
photo generated minority charges must diffuse to the depletion region before they are swept 
across by the built-in electric field and a photovoltage is generated. On the other hand, 
perovskite absorber layers, which are intrinsic semiconductors, rely on their p and n type 
contacts for collection of the free charges. When sandwiched together in a p-i-n structure 
the Fermi level equilibrates across the stack and the difference in work functions of the n 
and p contacts creates a built-in potential and an electric field that stretches the entire length 
of the perovskite layer. This built in electric field, as well as the charge selectivity of the 
contacts, are responsible for the extraction of free charges and photovoltage generation 
when illuminated.50, 52  
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1.1.6 Interfaces in Perovskite Photovoltaics  
The selection of contacts and their interfaces with the perovskite absorber layer 
therefore play a pivotal role in determining the performance of the photovoltaic devices.  
The n and p contact layers sandwich the perovskite layer as shown in Figure 1.3 and are 
more typically referred to as the electron transporting layer (ETL) and hole transporting 
layer (HTL), respectively. In an operating solar cell electrons and holes must be 
transferred across the perovskite/ETL and perovskite/HTL interfaces, respectively, to 
reach the electrodes.  In an ideal case, charge transfer across these interfaces occurs with 
minimal loss of photogenerated charges, also referred to as recombination.  However, in 
reality these interfaces are plagued by severely increased recombination as compared to 
the bulk of the perovskite.53-57 Furthermore, ion transfer across these interfaces is a major 
degradation pathway in the PV device,58 as is the ingress of water and oxygen at these 
interfaces and into the perovskite layer.58-59  With this in mind, understanding and 
controlling these interfaces is a key aspect in improving the performance of perovskite 
solar cells. 
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Figure 1.3: Chemical structures of common HTL materials (left) and a sample perovskite PV device 
schematic in the inverted (p-i-n) architecture (right) 
 
The majority of HTLs are organic materials with three of the most common being 
PTAA, PEDOT:PSS, and Spiro-OMeTAD (structures shown in Figure 1.3), though there 
are a few inorganic HTLs like NiOx. Electron transport layers are more balanced with a 
solid mix of organic (ex. C60, C70, PCBM) and inorganic (ex. TiO2 and SnO2) layers 
that have been used in high-performance devices. There are number of factors to be 
considered when selecting transport layers such as desired device architecture, solution 
processability, stability, energy level alignment with the perovskite, charge selectivity, 
and charge-carrier mobility or electrical conductivity.  The variety of transport layers 
gives rise to many different perovskite solar cell structures and avenues for enhancing 
device performance. 
       
 Not surprisingly, surfaces and interfaces in lead-based perovskite solar cells have 
long been an area of interest. Here, researchers have shown that surface recombination 
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rates are commonly three-orders of magnitude faster than bulk recombination rates,53, 56-57 
and that interfacial recombination leads to major performance losses in PV devices.54 
One factor that will influence interfacial recombination rates and interfacial charge 
transfer processes is the interfacial energy landscape.55, 60-64  This includes the alignment 
of occupied and unoccupied energy levels (valance band or HOMO and conduction band 
or LUMO) between the perovskite and transport layers; a schematic depicting a favorable 
band alignment is displayed in Figure 1.4. Slight offsets in energetics can facilitate 
charge transfer while large offsets can act as barriers and provides charge selectivity.  
Non-ideal interfacial energetics can therefore result in charge build up at the interfaces, 
which will result in increased interfacial recombination rates.  As such, measurements of 
energetics at interfaces with lead perovskites are prevalent in the literature.61, 65-68  These 
interfacial energetic measurements provide important data for understanding the physical 
processes occurring within the device and highlight that optimization of interfacial 
energetics may lead to further increased PV performance.55, 63-64 
 
Figure 1.4: Schematic of potential energetic offsets between perovskite absorber and electron/hole 
transport layers 
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Another factor that determines surface and interfacial recombination rates is the 
concentration of trap states that can serve as recombination centers.  The surfaces of the 
perovskite material that contact the transport layers show greater densities of defects 
resulting from the abrupt termination of the crystal lattice.56 The resultant dangling 
bonds, or under coordinated centers, introduce states inside the bandgap, which can 
facilitate recombination of free charges.56 Passivation of these trap states thus provides 
one means to decrease recombination rates.55-57  
 
Finally, transport layers are critically important for device stability and can act as 
protective shields for the perovskite layer.59 Moisture induced degradation for example is 
a common mechanism discussed for the instability of perovskite solar cells.59 Numerous 
works have shown that replacing transport layers that are hydrophilic or contain 
hygroscopic dopants can considerably improve the ambient stability of perovskite solar 
cells.69-71 Oxygen is another culprit for degradation, particularly for tin perovskites due to 
the easy oxidation of Sn2+, and in a similar fashion germanium has been used to create a 
native GeO2 sacrificial oxide capping layer, which can protect the underlying 
perovskite.72 In addition to preventing penetration of harmful species transport layers can 
play important roles in containing the mobile ions in the perovskite layers. Mobile halide 
ions and perovskite decomposition products like I2 and HI can be troublesome for device 
stability because they can corrode contacts and build insulating layers if they are not 
contained.58, 73-75    
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1.2 Measurements of Material Energetics 
1.2.1 Definition of Energetics 
Energetics and electronic levels are of great importance for any electronic 
material and are responsible for controlling charge transport across interfaces in all 
electronic devices.  The key parameters for describing any materials energetics are Fermi 
level (Ef), vacuum level (Evac), work function (𝛷𝛷), valence band maximum (VBM) or 
highest occupied molecular orbital (HOMO), conduction band minimum (CBM) or 
lowest unoccupied molecular orbital (LUMO), energy gap (Eg), ionization energy (IE), 
and electron affinity (EA).  The Fermi level is described as the hypothetical energy level 
in a solid at thermodynamic equilibrium where there is a 50% probability of being 
occupied by an electron at any given time. For a metal the Fermi level marks the 
boundary between occupied and unoccupied states whereas in a semiconductor the Fermi 
level lies within the energy gap or band gap of the material. The vacuum level is the 
energy of an electron at rest outside of the solid, that is to say with zero kinetic energy, 
though still affected by surface potential or dipole.76 The work function is then defined as 
the difference between the vacuum level and the Fermi level. The conduction band 
minimum and valence band maximum are the transport levels in an inorganic 
semiconductor for electrons and holes, respectively, and are positioned closest to the 
Fermi level. The lowest unoccupied molecular orbitals and highest occupied molecular 
orbitals are the equivalents for organic semiconductors. From these levels the final 
parameters can be defined with values always presented as positive quantities relative to 
the vacuum level. Ionization energy is the difference between the VBM or HOMO and 
Evac, which corresponds to the difference in energies of the N-electron ground state and 
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N-1 electron states. Likewise, electron affinity is the difference between the CBM or 
LUMO and Evac, which corresponds to the difference in energies of the N-electron 
ground state and N+1 electron states. Finally, the energy gap is difference between VBM 
and CBM (or HOMO and LUMO), which is also referred to as the transport gap or band 
gap.77 Each of these parameters can be determined quantitatively from photoelectron and 
inverse photoelectron spectroscopies (PES and IPES), which results in a comprehensive 
understanding of a material’s energetics that are relevant to charge transport and device 
operation. Figure 1.5 shows a schematic representation of these energetic parameters for 
an inorganic semiconductor and denotes the technique used to obtain each. Optical 
absorption measurements are often used to estimate the energy gap; however, particularly 
for organic molecules, it is important to note that the optical gap is often lower than the 
true energy gap because in the excited state the electron and hole remain coulombically 
bound rather than ionized. In fact, the difference between the energy gap measured by 
photoelectron spectroscopies and the optical gap can be used to estimate the electron-hole 
binding energy.  
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Figure 1.5: Schematic representation of the energetics of a semiconductor 
 
1.2.2 Low-Energy Ultraviolet Photoelectron Spectroscopy (LE-UPS) 
Photoelectron spectroscopy (PES) is the measurement of the kinetic energy of 
electrons emitted from a sample upon photon absorption. The kinetic energy of the 
photoelectrons (Ekin) can be related to their binding energy (Eb) in the solid, and the work 
function of the sample 𝛷𝛷𝑠𝑠 though equation 1.1. 
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = ℎ𝑣𝑣 − 𝐸𝐸𝑏𝑏 − 𝛷𝛷𝑠𝑠         (1.1) 
Typically, the incident photon beam operates at a fixed energy and the kinetic energy of 
detected electrons is swept over a small range counting the number of photoelectrons at 
each interval. A visual representation of this PES process is shown for a metallic sample 
in Figure 1.6. 
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Figure 1.6: Schematic of the photoelectron spectroscopy process on a metallic sample 
 
Ultraviolet photoelectron spectroscopy (UPS) is simply a subset of PES that 
utilizes photons in the ultraviolet region, though typically the higher energy vacuum 
ultraviolet range (>6.2 eV or λ<200 nm) is used to generate these photoelectrons. Photons 
in this energy range are useful for the analysis of metals and semiconductors because they 
are only sufficient for the excitation of electrons in the valence region of a material. This 
allows for probing the density of the valence electronic states in semiconducting 
materials, determining work functions of metals and semiconductors, and investigating 
energetics at interfaces. Far and away the most common photon source for UPS is a 
helium discharge lamp that emits at an energy of 21.2 eV (58.5 nm). One drawback of 
this source is that for many organic materials, bombardment of the sample surface with 
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photons of this energy is enough to induce significant sample degradation.78-84 Yet 
organic semiconductors remain a source of immense interest and thus numerous “low 
energy” photon sources (100-200 nm emission) have emerged for use in analysis with 
reduced sample destruction.85-87 A novel VUV light source of this nature is presented in 
chapter 3 of this dissertation and compared with other typical UPS sources.  
1.2.3 Low-Energy Inverse Photoelectron Spectroscopy (LE-IPES) 
As the name implies inverse photoelectron spectroscopy (IPES) is functionally the 
opposite of PES measurements, i.e. the sample is irradiated with electrons and the signal 
detected is photons emitted by the sample. The binding energy of the unoccupied state 
(Eb) can be determined by the difference between the initial kinetic energy of the electron 
(Ekin) and the energy of the emitted photon (hv) as shown in equation 1.2. 
𝐸𝐸𝑏𝑏 = 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 − ℎ𝑣𝑣         (1.2) 
In IPES control over both the kinetic energy of the incident electrons, and the energy of 
detected photons, gives rise to two methods for probing the density of unoccupied states 
in a material. The first mode is known as the tunable photon energy (TPE) mode where 
measured photon energy is varied while the electron energy is kept constant; and the 
second is the Bremsstrahlung isochromat (BIS) mode where electron kinetic energy is 
varied while the measured photon energy is kept constant. A visual representation of 
IPES on a metallic sample using BIS mode is displayed in Figure 1.7. 
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Figure 1.7: Schematic of the inverse photoelectron spectroscopy process on a metallic sample 
performed in the Bremsstrahlung isochromat mode 
 
IPES was originally performed in the X-ray region, which required incident 
electrons over 1 keV and employed an X-ray monochromator for photon selection, which 
provided reasonable energy resolution but with very low throughput.88 The cross section 
of IPES is proportional to the emitted photon energy, but even when operating in the X-
ray region the cross section is only 10-3 that of photoemission spectroscopy.89 The ratio 
only gets lower as the emitted photon energy decreases and yet IPES was performed in 
the VUV range for the first time in the 1970’s using a Geiger-Muller tube filled with 
iodine gas and a calcium fluoride window creating a bandpass filter centered at 9.7 eV.90 
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This setup allowed for IPES measurements with reasonable energy resolution and a 
higher throughput than those performed in the X-ray region, despite the lower cross 
section. VUV monochromators have also been employed although they suffer a number 
of drawbacks inherent in optical manipulation of VUV light.91 The reflectivity of mirrors 
and gratings is low, resulting in substantial loss of signal, and incident light needs to be 
collimated, which limits collection efficiency by narrowing the acceptance angle. Finally, 
the components must be installed in vacuum since oxygen absorbs most VUV light.92 In 
2012 IPES was performed for the first time in the near-ultraviolet range (NUV, 200-400 
nm), this is sometimes termed low-energy IPES or LE-IPES.89 Operation in the NUV 
allows for the use of many high efficiency optics and filter materials, which has shown to 
be sufficient to overcome the low cross section in this energy range. Additionally, NUV 
wavelength selectors and detectors do not have to be installed in vacuum since NUV is 
not absorbed by oxygen.93   
Aside from creating challenges with instrumental setup, the low cross section of 
IPES often causes problems with sample degradation since long measurement times with 
either high incident beam power or high energy electrons are needed to achieve 
reasonable signal-to-noise ratios. For organic and biological materials in particular, 
sample degradation is such a major issue that IPES measurements are nearly impossible 
for systems operating in the X-ray or VUV range.89, 94 The development of NUV IPES by 
Hiroyuki Yoshida was primarily to address this exact limitation since radiation damage is 
greatly reduced at electron energies below 5 eV. Most organic materials have an electron 
affinity between 1 and 4.5 eV and thus by using a NUV setup this range can easily be 
probed with electrons from 0-4 eV kinetic energy and a 5 eV bandpass filter. 
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1.3 Characterization of Photovoltaic Performance  
Photovoltaic devices directly convert the sun’s energy into electrical energy and the 
efficiency at which this is achieved is termed the power conversion efficiency (PCE). The 
PCE of a PV device is calculated by dividing the power output of the device by the 
incident solar power. The power output is determined from the product of the current and 
voltage under illumination. For consistency across research facilities a standardized set of 
illumination conditions known as AM0, AM1, or AM1.5 have been adopted. These 
standardized conditions replicate the sun’s solar spectrum and power as transmitted 
through varying amounts of the earth’s atmosphere (AM=air mass, # = length of path 
through the atmosphere). AM0 therefore represents the solar irradiance that passes 
through none of the atmosphere, i.e. in space, and is most relevant for satellites and other 
space applications. AM1 represents the sun directly overhead irradiating a horizontal 
surface at sea level. AM1.5 conditions represent the solar irradiance passing through 1.5 
atmospheres (48° from zenith) on a titled surface at 37°. The most widely applied 
standard for reporting PCE at a terrestrial level is AM1.5, which results in an integrated 
solar power of 100 mW/cm2 and is the standard used for all PCEs reported in this 
dissertation. 
1.4 Conclusions and Outlook 
The ongoing initiative for cost effective renewable energy technologies has ignited 
development of solar energy harvesters with perovskite photovoltaics taking center stage 
over the past decade. The exceptional properties of perovskite materials have resulted in 
the sharpest rise in power conversion efficiencies ever observed for a PV material class. 
However, the dark underbelly of the perovskite field is the reliance on lead-based 
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derivatives that may pose severe health and environmental risks. It is therefore paramount 
that lead be substituted for a more environmentally benign alternative such as tin. For the 
tin perovskite field to mature and close the gap with their lead brethren a fundamental 
understanding of the material and device properties, including their similarities and 
differences with traditional lead derivatives, must be further developed. One critical facet 
is the interfaces in PV devices and the electrical, physical, and chemical processes that 
occur within. 
 
This dissertation will discuss the development and application of a variety of 
instrumental systems and surface treatment methodologies centered around expanding 
fundamental knowledge of the interfaces in tin-based perovskite photovoltaics. Chapter 2 
will introduce general sample preparations and detail instrumental setups and data 
analysis for the primary techniques used in this work. Chapter 3 will discuss the 
application of a novel light source for UPS measurements and characterize its capabilities 
for measurements of sensitive organic materials. In chapter 4 the previously established 
UPS and IPES systems are applied to Formamidinium tin triiodide (FASnI3) to 
investigate the role of additives and air exposure on material energetics. In chapter 5 an 
in-depth investigation of the FASnI3/C60 interface is presented including the first direct 
measurements of the interfacial energy level alignment and the influence of surface 
ligands on energetics and devices. Finally, in chapter 6 surface ligands are further 
investigated to reduce the iodine migration out of FASnI3 and into C60 and the effects this 
has on charge transport at the interface.  
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 METHODS 
*Note that the aim this chapter is to lay the groundwork and provide additional insights 
for the core processes and measurements applied throughout this dissertation in one 
centralized location. These sections are intended to serve as a primer for the techniques 
and to facilitate discussions of their applications in the subsequent chapters. As such, this 
is not a comprehensive list of all procedures performed in this dissertation, rather, each 
of the following chapters contain individual experimental details sections for specifics 
relevant to that chapter. 
2.1 General Sample Preparation Notes 
PES and IPES measurements are surface sensitive techniques probing only the top 
few nm of a sample and therefore require carefully controlled fabrication and analysis 
conditions. The adsorption of water or hydrocarbons, even in a sub-monolayer thickness, 
can dramatically shift the work function of a material.95-97 Throughout this dissertation, 
unless specified otherwise, it can be assumed that samples were prepared in a nitrogen 
atmosphere glovebox (typically <0.1 ppm H2O and O2) or thermally evaporated inside a 
high vacuum chamber. These samples are transferred into an ultra-high vacuum analysis 
chamber under inert conditions (nitrogen or vacuum) for PES and IPES measurements. 
On the few occasions that more robust samples are loaded from air they are argon ion 
sputter cleaned to remove surface contaminants. Finally, PES and IPES measurements 
were generally completed within 24 hours of fabrication to minimize sample degradation 
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or surface contamination. More detailed processes and information about sample 
fabrications can be found in the following chapters as they are presented.  
2.2 Low-Energy Ultraviolet Photoelectron Spectroscopy 
2.2.1 System Design 
All UPS measurements are performed inside a PHI 5600 UHV system with a base 
pressure of approximately 2x10-10 torr and an 11-inch diameter hemispherical electron 
energy analyzer for detecting emitted photoelectrons. Inside samples are mounted on a 
metal specimen holder that can be manipulated about the x, y, z directions and rotated 
about the x-axis. The samples are in electrical contact with both the specimen holder and 
the electron analyzer resulting in an equilibration of Fermi levels. Photoelectrons from 
the sample can generate secondary electrons upon impact with analyzer surfaces that will 
superimpose a secondary spectrum upon the sample spectrum. To alleviate this an 
accelerating potential is applied between the sample and analyzer of -5V to separate the 
two spectra. This acceleration potential is also necessary for sample work function 
determination as it enables the slowest electrons (whose KE is 0 eV after leaving the 
sample surface) to reach the detector.  The VUV excitation light source used is an 
Excitech H lyman-α photon source (E-LUXTM 121) that emits at 121.6 nm (10.2 eV). As 
the name suggests, vacuum ultraviolet light typically requires vacuum conditions for 
transmission due to oxygen absorption, however there is a narrow transmission window 
that matches closely with the primary emission from this source removing this necessity. 
Throughout this work ultra-pure nitrogen or oxygen at low pressures are typically used as 
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the atmosphere for the beam path. Chapter 3 covers this VUV light source and UPS 
system at great length.  
2.2.2 Spectral Analysis 
UPS spectra are usually presented as intensity or counts vs. binding energy with 
respect to the Fermi energy (Ef= 0 eV). In addition, the binding energy scale is presented 
increasing from right to left. A sample UPS spectrum of the organic fullerene 
semiconductor C60 is displayed in Figure 2.1. 
 
Figure 2.1: UPS spectrum of C60 
 
 The two key features in any UPS spectrum are the secondary electron cut-off 
(SECO) and HOMO onset (or valence band onset). The secondary electron cutoff or high 
binding energy cutoff is at the far left and is the result of electrons that have 0 eV kinetic 
energy after leaving the sample surface, i.e. they had just enough energy to overcome the 
work function of the material. The band onset is at the opposite end and is the onset of 
signal intensity at the lowest binding energy. For metals this onset is the manifestation of 
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the Fermi edge while for semiconductors this is from the VBM or HOMO. Between the 
SECO and band onset there are features from electrons emitted from the valence bands of 
the material and from inelastically scattered electrons. The most commonly extracted 
values from UPS of semiconductors are work function and ionization energy. The work 
function can be determined by subtracting the binding energy of the SECO from the 
energy of the excitation light (in Figure 2.1 for example 10.2 eV – 5.79 eV= 4.41 eV). 
Ionization energy can then be obtained by simply adding together the work function and 
the HOMO or VBM onset relative to the Fermi energy (4.41 eV + 2 eV = 6.41 eV for 
C60). Binding energy values for the SECO and band onsets are typically obtained through 
linear fits to the leading edge of experimental data and the intersection with the 
background. In some cases, UPS spectra are displayed with electron binding energy 
relative to the vacuum level (Evac= 0 eV), in this case ionization energy can be read 
directly from the band onset and work function can only be determined if Ef is indicated.  
2.3 X-ray Photoelectron Spectroscopy 
2.3.1 System Design 
X-ray photoelectron spectroscopy (XPS) measurements are performed in the same 
PHI 5600 system described for UPS. No external biases are applied as the regions of 
interest are outside the low kinetic energy regime where the secondary analyzer spectrum 
appears.  X-ray emission is produced from a dual anode Mg-Al X-ray excitation source 
(Mg kα emission 1253.6 eV and Al kα at 1486.6 eV). This source is non-monochromatic 
and therefore both anodes exhibit significant X-ray satellite lines that accompany the 
primary emission owing to different electronic transitions. Satellite lines for both Mg and 
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Al anodes are listed in Table 2.1 along with the displacement and relative intensity 
versus the primary emission. Additionally, though the anodes are physically separated we 
have experimentally determined that a small degree of cross-contamination occurs 
resulting in emission from the opposite anode. Evidence of this cross-contamination is 
displayed in Figure 2.2 for a measurement of FASnI3 with the Al anode. Here the 
primary I 3d3/2 and I 3d5/2 peaks are observed at the expected binding energies of ca. 630 
eV and 619 eV respectively, however two additional peaks that have identical spacing 
and peak area ratios appear at higher binding energies. These peaks are separated from 
the primary I 3d peaks by exactly 233 eV, confirming the presence of unintended Mg 
anode emission given that Mg Kα emission is 233 eV below that of Al (1486.6 eV -
1253.6 eV = 233 eV). Through fitting of these ghost peaks, we can determine that Mg 
emission occurs at a relative intensity of ca. 2.5% when the Al anode is selected. 
Emission from both satellite lines and cross-contamination need to be carefully 
considered during spectral analysis as discussed in the following section.   
Table 2.1: Primary and satellite X-ray emission lines from Mg and Al anodes 
Mg emission lines Energy (eV) Displacement (eV) Relative intensity  
α1,2 1253.6 0 100 
α3 1262.0 8.4 8 
α4 1263.7 10.1 4.1 
α5 1271.2 17.6 0.6 
α6 1274.2 20.6 0.5 
β 1302.3 48.7 0.5 
Al emission lines 
α1,2 1486.6 0 100 
α3 1496.4 9.8 6.4 
α4 1498.4 11.8 3.2 
α5 1506.7 20.1 0.4 
α6 1510.0 23.4 0.3 
β 1556.3 69.7 0.6 
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Figure 2.2: XPS of the I 3d region for a FASnI3 sample showing the primary I 3d peaks from Al 
anode emission and the ghost peaks resulting from Mg anode emission. 
 
2.3.2 Spectral Analysis 
XPS is a powerful quantitative technique for surface analysis that can provide 
elemental composition at the surface, oxidation states of elements, and insight into 
chemical bonding. However, the resolution limits of the technique often necessitate peak 
fitting to extract meaningful information. Here, XPS core-level peaks were fit with a 
Gaussian:Lorentzian product function with a fixed G:L ratio. A Shirley type background 
was used in all spectra. The full-width-at-half-maximum (FWHM) was kept constant for 
all peaks belonging to the same elemental line for a given sample. Additionally, for all 
doublets belonging to p, d, and f orbitals the peak area ratios are constrained according to 
the known degeneracy of each spin state. Peak positions and doublet spacing are typically 
not constrained with exception for satellite and ghost peaks. Since these peaks result from 
known X-ray emissions, they can be highly constrained for position and intensity relative 
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to their parent peaks. This is utilized to remove the contributions of these peaks when 
they overlap with peaks of interest.  
 
An example of XPS core-level peak fitting involving satellite peaks is displayed 
in Figure 2.3 for the I 3d region of a neat FASnI3 film measured utilizing Mg anode 
emission. The primary doublet expected from I 3d electrons in FASnI3 is strongly 
observed with peaks at 630.72 eV (I 3d 3/2) and 619.22 eV (I 3d5/2) however, they are also 
accompanied by a weaker peak at 622.3 eV. This peak is separated from the I 3d3/2 peak 
by 8.42 eV and by consulting Table 2.1 it can be deduced that this is a satellite I 3d3/2 
peak resulting from Mg Kα3 emission. This is further supported by noting that the 
FWHM values match well and that the peak area is roughly 8% of the parent I 3d3/2 peak.  
A second satellite peak from Mg Kα4 emission should be present at ca. 620.62 eV (10.1 
eV below I 3d3/2), and indeed Figure 2.3 shows that an additional contribution is 
necessary to adequately fit the higher BE shoulder for the I 3d5/2 peak. This satellite peak 
is not easily observable, and therefore the position, FWHM, and relative intensity is 
constrained to relative to the parent peak. The low BE tail observed in both I 3d peaks is 
believed to be the result of asymmetric peak shape.  
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Figure 2.3: XPS of the I 3d region of a FASnI3 sample showing the fitting of satellite peaks 
 
An example XPS core-level fitting involving ghost peaks is displayed in Figure 
2.4 for the C 1s peaks from a FASnI3 film measured with Al anode emission. Here two 
large peaks are observed at ca. 288 eV and 284.5 eV with a third much smaller peak 
observed at ca. 282 eV. The two former peaks correspond to the partially positive carbon 
in FA (288 eV) and more neutral adventitious carbon (284.5 eV). The area ratio of these 
two carbon peaks, and the appearance of new C 1s peaks, are important probes for the 
absorption of surface ligands in Chapters 5 and 6. However, the final peak, at ca. 282 eV, 
is an exceptionally low BE for any carbon species. Further, the close proximity to the 
other C 1s peaks, and the lack of any higher binding energy peaks until N 1s at ca. 400 
eV, rules-out the possibilty that this is a satellite peak. Instead, we need to consider the 
possibilty that this is a ghost peak from Mg Kα emission.  
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To do this we look for prominent peaks at 233 eV lower binding energy, in this 
case ca. 49 eV, and here we find a peak corresponding to I 4d5/2 electrons at 48.6 eV as 
shown in the inset of Figure 2.4. Not only does this confirm the presence of a ghost peak 
at 282 eV in the original C 1s spectra, but since this is peak originates from a d orbital it 
also informs us that there is an additional ghost peak overlaid with the adventitious 
carbon peak near 283 eV. The Mg Kα I 4d5/2 ghost peak is fit from the experimental data 
using the same FWHM as the parent peak. This resulted in a peak position exactly 233 
eV higher than the parent peak with a relative intensity of ca. 2.5% as expected. The I 
4d3/2 ghost peak, since it is not clearly observable, is fit relative to the I 4d5/2 ghost peak 
using the known FWHM, peak spacing, and area ratio from the parent I 4d doublet. These 
fits enable the elimination of ghost peak contributions when analyzing the C 1s spectra of 
FASnI3 and allow for accurate peak ratio determinations.   
 
Figure 2.4: XPS of the C 1s region and I 4d region (inset) of a FASnI3 sample showing parent I 
4d peaks and their ghost peaks from Mg Kα emission   
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A critical application of XPS for tin-based perovskite PVs is the determination of 
tin oxidation states in the final film. In particular, the ratio of Sn(II) to Sn(IV) is an 
important probe of film quality and can greatly influence device performances; this is 
discussed at length in Chapter 4. Here peak fitting in necessary to deconvolute XPS 
spectra of Sn 3d electrons and accurately determine the relative amounts of Sn in each 
oxidation state, however, there remains some debate in the literature over peak 
assignments. Figure 2.5 (A) displays the Sn 3d region of a neat FASnI3 film fit with only 
two Sn species corresponding to Sn(II) (green) and Sn(IV) (purple). Though a common 
approach in literature, these fits alone do not adequately match the full experimental 
range as indicated with orange arrows on the lower BE side of each peak. The origin of 
this tail is the main point of contention where different reports attribute this feature to 
metallic tin (Sn(0)),98 asymmetric Sn 3d peak shape,99 or even satellite peaks. Mg Kα3,4 
satellite lines are accounted for in Figure 2.5 (A) where they are found to be partially 
responsible for the lower BE tail of the Sn 3d5/2 peak, however their addition is not 
sufficient to match the experimental data. Furthermore, a low BE tail is observed for the 
Sn 3d3/2 peak, which is unaffected by satellites. When an additional peak is added at 1.5 
eV below each Sn(II) peak, as in Figure 2.5 (B), the fits properly match the experimental 
data. These peaks have a relative intensity of 7% compared to Sn(II) however, whether 
these result from Sn(0) or asymmetric peak shape is still unclear.    
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Figure 2.5: XPS of the Sn 3d region of a FASnI3 sample with different core-level fitting 
 
In order to investigate the origin of these peaks 5 Å of Sn(0) was deposited onto 
the surface of a neat FASnI3 film followed by XPS measurements and core-level fitting. 
The results are displayed in Figure 2.6 where a strong peak corresponding to Sn(0) is 
observed at 1.5 eV below the Sn(II) peak, the same spacing observed prior for Sn(II) and 
the unidentified peak. This supports the notion that the initial low BE tail resulted from 
Sn(0) however, when looking at Figure 2.6 (A) a similar discrepancy between the 
experimental and core-level fitting is observed in the low BE tail of the Sn(0) peaks 
(again indicated by orange arrows), even when satellites are accounted for. These regions 
can be similarly be remedied through the addition of peaks separated by 1.5 eV as shown 
in Figure 2.6 (B). It is concluded that these tails must be the result of asymmetric peak 
shape because there are no known Sn species that would be present at this low of a BE. 
The relative intensity of the peaks fit to the asymmetric tails are only 5.5% vs the Sn(0) 
peak (whose area is corrected for a 7% tail area from Sn(II) as noted before, not shown in 
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figure). This suggests that the tailing in the neat FASnI3 sample may result from a 
combination of asymmetry (5.5%) and Sn(0) (1.5%), though admittedly this is near the 
limit of uncertainty for XPS core-level peak fitting.  
 
Figure 2.6: XPS and core-level fitting of the Sn 3d region for a FASnI3 sample with 5 Å of Sn(0) 
deposited on the surface 
 
2.4 Low-Energy Inverse Photoelectron Spectroscopy 
2.4.1 System Design 
Our LE-IPES system was designed based upon the system first outlined by 
Hiroyuki Yoshida that employed low energy electrons to generate photons in the NUV 
range.89 Our system is designed for operation in the Bremsstrahlung isochromat mode 
with collected photons in the NUV range with electron kinetic energies below 5 eV to 
minimize sample degradation. The basic design of the IPES setup is displayed in Figure 
2.7.  
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Figure 2.7: Schematic diagram of the IPES system  
  
The same PHI 5600 UHV chamber that houses the PES systems is used for IPES as well. 
During measurements visible light sources were removed and windows blacked out to 
minimize the presence of stray light within the chamber. Further, to limit light generation 
from within the chamber itself the systems’ ion gauge was turned off during all IPES 
measurements since the heating of the filament emits substantially in the NUV range. A 
Kimball Physics ELG-2 electron gun equipped with a low temperature (1150K) BaO 
cathode was used to generate the low energy electron beam. Although this electron gun is 
capable of emitting electrons with an energy as low as 1 eV, the emission efficiency and 
stability can be greatly improved by increasing the beam energy to 20-30 eV. In order 
capitalize on this more efficient and stable emission while avoiding exposure of the 
sample to such high-energy electrons an external bias is be applied to the sample (-20V) 
to decelerate incident electrons. The application of a bias also helps to minimize 
broadening of the beam energy and the spot size caused by the space charge limiting 
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effect. Emitted photons were collected with a bandpass photon detector consisting of an 
optical bandpass filter (214 nm, 254 nm, or 280 nm center wavelength) and a 
photomultiplier tube (R585, Hamamatsu Photonics). This component of the system is 
separated from the UHV by a fused silica window and is housed under atmosphere. This 
is another advantage over VUV or x-ray range IPES since atmosphere does not absorb 
strongly in the NUV range simplifying instrumental design and enabling easy swapping 
of the bandpass filters. 
Samples are mounted on a sample stage in the same manner as PES described 
previously. The sample stage is connected to a voltage supply and picoammeter, which 
are used to apply a negative 20 V bias and record sample current respectively. Samples 
are angled perpendicular to the incident electron beam and the emitted photons are 
collected at an angle of 45ᵒ by a fused silica bi-convex lens that focuses the emitted 
photons through the bandpass filter and onto the photocathode of the photomultiplier 
tube. 
2.4.2 Spectral Analysis 
IPES spectra are usually presented as intensity vs. binding energy with respect to 
the vacuum level (Evac= 0 eV). Like UPS, the binding energy scale is presented 
increasing from right to left. A sample IPES spectrum of the organic semiconductor zinc 
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phthalocyanine (ZnPc) is displayed in figure 2.8.
 
Figure 2.8: IPES spectrum of ZnPc 
 
The key feature in any IPES spectrum is the band onset. The band onset is the 
onset of signal intensity at the highest binding energy. For metals this onset is still the 
manifestation of the Fermi edge while for semiconductors this is from the CBM or 
LUMO. Between the band onset and vacuum level there can be features from electrons 
radiatively relaxing into unoccupied states in the material. The most common value 
extracted from IPES of semiconductors is the electron affinity. Since the spectrum is 
most typically presented relative to the vacuum level the electron affinity is simply the 
binding energy of the band onset, in this case about 3.3 eV for ZnPc. Like for UPS the 
band onsets are usually extracted through linear fits of experimental data and the 
intersection with the background. 
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2.5 Photovoltaic Device Testing 
2.5.1 System Design 
PV performance was measured inside a N2 filled glove box (typically <0.1 ppm 
O2 and H2O) using a solar simulator (ABET technologies, 11002) at 100 mW/cm2 
illumination (AM 1.5G). The solar intensity was adjusted using a calibrated photodiode 
from Thorlabs (FDS1010-CAL) with a KG3 filter. The PV device area is dictated by the 
top metal contacts deposited via a shadow mask and are fixed at 0.1 cm2. 
2.5.2 J-V Curve Analysis 
To determine the electrical power output of a PV device an I-V scan is performed 
where voltage is swept and current is measured under the desired illumination conditions. 
The PV device area is accounted for to convert current to current density (J) and the 
resulting J-V curves provide four primary parameters for characterizing a PV device. 
These are the short circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF), 
and finally power conversion efficiency (PCE). The Jsc and Voc are the maximum current 
and voltage outputs achievable by the device and occur under short-circuit (negligible 
resistance) or open circuit (infinite resistance) conditions as the names imply. The FF is 
defined as the ratio between the experimental max power point (Pmax) and the theoretical 
max power point (Pth max= Jsc x Voc). FF can also be visualized as the “squareness” of the 
J-V curve. A sample J-V curve is displayed in Figure 2.9 with each of these parameters 
identified. Finally, the PCE can be calculated from these three parameters and the power 
of the solar irradiance (Pin) using equation 2.1.  
𝑃𝑃𝑃𝑃𝐸𝐸 = 𝐽𝐽𝑠𝑠𝑠𝑠 × 𝑉𝑉𝑜𝑜𝑠𝑠 × 𝐹𝐹𝐹𝐹
𝑃𝑃𝑖𝑖𝑖𝑖
         (2.1) 
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Figure 2.9: Example J-V curve of a PV device under AM1.5 illumination conditions 
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  A NEW PHOTON SOURCE FOR ULTRAVIOLET PHOTOELECTRON 
SPECTROSCOPY OF ORGANIC AND OTHER DAMAGE-PRONE MATERIALS 
*Adapted with permission from “Boehm, A M.; Wieser, J.; Butrouna, K.; Graham, K. R. 
A new photon source for ultraviolet photoelectron spectroscopy of organic and other 
damage-prone materials. Organic Electronics 2017, 41, 9-16.” Copyright (2017) 
Elsevier. 
3.1  Introduction 
Ultraviolet photoelectron spectroscopy (UPS) is a widely used technique for 
probing the energy of valence electronic states in semiconductor materials, work 
functions of metals and semiconductors, and energy level alignments across interfaces. 
By allowing the direct examination of these electronic states in solids this technique has 
enabled a better understanding of fundamental material and interfacial properties, and 
greatly helped aid the development of semiconducting materials and devices.  Although 
UPS has been applied much more extensively to the study of inorganic materials, it is 
clearly a powerful analytical tool for studying organic materials as well.82, 100-102  
However, UPS studies of these organic materials can be limited by significant sample 
damage induced by exposure to the UPS photon source.81-82  UPS studies sometimes 
require illumination for long durations of time, particularly in the case where an interface 
is built and probed in a step-wise manner to interrogate interfacial energetics, which 
makes these measurements difficult or impossible in more damage-prone materials such 
as many organics.  One means to reduce this sample damage is through the use of 
alternative photon sources, particularly sources with lower energy photons and lower 
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photon fluxes.  The 10.2 eV H Lyman-α source introduced in this manuscript meets these 
demands and is shown to significantly reduce sample damage.   
 
UPS is based upon the photoelectric effect, in which an incident photon with 
energy hv generates a free electron with the kinetic energy, Ekin, given by  
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = ℎ𝑣𝑣 −  𝜙𝜙 −  𝐸𝐸𝐵𝐵                                   (4) 
where φ is the work function of the material and EB is the binding energy of the electron 
within the solid.85 An ideal photon source should have a single narrow emission line, a 
widely adjustable photon flux, long lifetime, and easy operation. Numerous laboratory-
based photon sources exist that generate the vacuum ultraviolet (VUV) radiation needed 
for UPS, the most popular of which are noble gas discharge lamps, with helium being the 
most heavily used gas. 
 
 Under different conditions the helium discharge lamps can produce mainly the 
He I line (1 1S  2 1P) at 21.22 eV (58.43 nm) or the He II line (1 2S  2 2P) at 40.81 eV 
(30.38 nm).103-104 These lines are the most intense of the He I and He II Rydberg line 
series (He I: 1 1S  n 1P, He II: 1 2S  n 2P), however several higher energy Rydberg 
lines (n= 3, 4, 5…) are present in each.103-104 These resonance lines vary in their relative 
intensity to the primary line and are shown to be highly sensitive to the operating 
conditions of the system.103-104 These lines can lead to a large background, with 
additional components such as VUV monochromators being necessary to reduce their 
presence.102-103, 105 Without an expensive monochromator, care must be taken in 
interpreting low-intensity features observed in UPS spectra, since they may be the result 
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of higher energy Rydberg lines.102-103, 105  The background from these higher-energy lines 
also limits the ability to measure features at the band edge, such as the tail and defect 
states that can severely effect material and device performance.102  
 
For organic materials, gas discharge sources can lead to issues with sample 
damage and charging given their high intensity and high energy.82 Unfortunately, the 
intensity of these sources can only be reduced by a limited amount, as relatively high 
currents through the gas are required to maintain a stable electrical current. This high 
intensity VUV radiation can, and often will, result in sample damage by driving reactions 
with residual atmospheric gases, mediating photo-chemical reactions, and causing bond 
breaking or cross-linking.78-84 Radiation damage is commonly observed by changes in the 
spectral features of the valence band, or by substantial shifts in binding energy,81-82 which 
makes spectral interpretation in the presence of radiation damage difficult.  Besides 
helium, other rare gases such as xenon, krypton, and argon have been employed in 
plasma lamps used for laboratory based UPS.106-108  These gases also exhibit the same 
problems as He I sources, including limited adjustment on the lower end of the photon 
flux and the presence of multiple emission lines. Xenon, for example, has eight strong 
emission lines in the 8.4-10.7 eV range that are emitted from the neutral and singly 
ionized form when excited by microwaves.106 
 
Sample charging is another common problem with measuring UPS of organic 
semiconductors, with the low electrical conductivity of typical organic semiconductors 
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limiting the film thicknesses that can be measured for many materials to only 10 nm.82  A 
few methods for alleviating charging have been shown; however, the primary method for 
alleviating sample degradation with He sources is to simply reduce exposure time by 
taking quick measurements.81-82 This severely reduces the signal-to-noise ratio and is not 
applicable for all samples.  Utilizing filters or apertures to attenuate the emission intensity 
is also an acceptable solution, though introduction of these components to existing 
systems can be difficult.  For example, the Amassian group at KAUST recently 
purchased a custom designed aperture system to integrate with their gas discharge source 
to reduce the photon flux at the sample. 
 
Another class of sources for UPS emit in the VUV to UV region and take 
advantage of the photon sources and monochromators developed for UV-Visible 
spectroscopies.86, 109  These sources typically operate with a sealed gas cell containing 
deuterium or xenon and the photon energy is low enough to pass through available 
viewport materials into a UHV system, thus they do not require differential pumping 
systems like the gas discharge lamps do. They cover a spectral range from 115-400 nm, 
though below 180 nm the atmosphere in the system must be kept free from water vapor 
and oxygen.  These sources, such as a monochromated low-energy deuterium lamps, 
have been successfully operated at low intensities in order to reduce sample charging and 
probe buried interfaces at depths greater than that achieved by He I sources.86-87 
Furthermore, the use of a double monochromator can result in a low background that 
allows for gap states to be observed.86-87 Deuterium sources also emit from the Lyman-α 
transition at 121.6 nm (10.2 eV), although the efficiency for this emission is on the order 
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of 0.1%.110  To take advantage of this 121.6 nm emission, a vacuum monochromator is 
required to remove the lower energy emission without significantly attenuating the 
Lyman-α emission line.  
 
In this paper we present the application of a new photon source that emits 
monochromatic photons at 10.2 eV with no higher-energy emission lines and without the 
use of a monochromator. The source produces H Lyman-α (1s 2S 2p 2P) emission at 
10.2 eV (121.6 nm) and the intensity of the source can be readily adjusted over a wide 
range to reduce sample damage and charging. It can produce up to 2x1018 photon/s in the 
continuous wave mode, can be separated from the UHV system by a MgF2 window to 
eliminate differential pumping requirements, is small in size allowing for easy outfitting 
to existing systems, has a long lifetime, and is relatively easy to operate (i.e. no precise 
adjustment of pressure and no need for differential pumping).  
3.2 Results and Discussion 
3.2.1 VUV Source Characterization 
The system utilized in this paper consists of the H Lyman-α photon source coupled 
with a 90⁰ ellipsoidal mirror to direct the photons through a MgF2 viewport into a UHV 
system, as shown in Figure 3.1. The basic principal of operation is that a low-energy 
electron beam is used to excite a neon-hydrogen gas mixture, which generates excited 
neon species (Ne2* excimers, Ne*, Ne+*, etc.).107, 110-111 Energy transfer reactions of these 
species drive the dissociation and excitation of molecular hydrogen as shown exemplarily 
in the reaction below.  
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Ne2* + H2  2Ne + H + H* 
  The decay of the Ne2* excimer e.g. releases 14.8±0.8 eV while the dissociation of a 
ground state H2 molecule and the excitation to Lyman-α line require 4.48 eV and 10.2 eV 
respectively.110 This means that the reaction shown above is an energy resonant process 
that selectively targets the H Lyman-α transition. Using this method of excitation where 
the gas cell mixture contains only small admixtures of hydrogen has shown to have 
conversion efficiencies of electron beam power to Lyman-α photons on the order of 10%, 
which is far greater than that reported for deuterium lamps.110 A more thorough 
explanation of the operation and configuration of the Lyman-α source can be found in 
references. 107, 110-111 
 
Figure 3.1: Schematic diagram of the H Lyman-α photon source coupled to our UHV chamber 
with a 90⁰ ellipsoidal mirror. The space between the two MgF2 windows can be filled with any 
desired gas or pumped to high vacuum.   
 
A major advantage of this photon source is the absence of other high intensity 
emission, particularly no emission lines at energies higher than the 121.56 nm Lyman-α 
line. Figure 3.2(A) shows the emission spectra of the E-LUXTM 121 from 110-170 nm 
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when operated at two different getter currents.  Here, the getter current determines the 
temperature of the getter material, and thus on one hand, the getter’s cleaning efficiency.  
At lower getter currents there are more impurities in the gas cell (roughly low ppm to ppb 
levels), such as oxygen (stemming from residual water molecules desorbing from the 
walls) and carbon. On the other hand, the getter temperature defines the hydrogen 
concentration.  Initially, the getter current is adjusted in a way to have optimum hydrogen 
concentration at rather low getter temperatures, giving leeway room to compensate for 
potential hydrogen diffusion/depletion with time.  Thus, as shown in Figure 3.2(A) the 
lamp can be operated at higher getter currents to decrease the amount of impurity 
emission, or lower getter currents to increase the overall H Lyman-α line intensity.  
 
The primary emission is from the H Lyman-α transition at 121.6 nm (10.2 eV), with a 
FWHM of only 3 pm. 112  An apparent broadening of the primary emission can be seen in 
the wings towards the base of the peak on a logarithmic scale; however, this is an artifact 
of the spectrometer, most likely stemming from light scattered at the grating. The 
conclusion that the wings at the base of the 121.6 nm emission line are artifacts of the 
spectrometer is evidenced by the lack of any oxygen absorption structure within the 
surrounding region when the source is operated in an oxygen containing environment as 
shown in Figure 3.3. In typical H2 excitation systems the VUV region is dominated by 
the Lyman band emissions of molecular hydrogen, however in the emission spectra in 
Figure 3.2(A) it can be seen that this band manifests itself as only a set of lower intensity 
lines in the 160 nm region.110  Importantly, there are no observable higher energy 
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emission lines, even at lower getter currents, and at wavelengths shorter than 110 nm any 
emission will be completely absorbed by the MgF2 windows.113 
An important characteristic of the Excitech Lyman-α source for UPS studies of 
damage-prone materials is the ability to easily tune the emission intensity of the source. 
This is a key feature in enabling the most sensitive materials to be investigated, and will 
be further examined throughout this paper. Figure 3.2(B) shows the emission intensity of 
the source as a function of the driving current.  At lower intensities (shown in red) the 
electron beam is deflected using the controllable internal electromagnetics in the Elux 
source such that the emission region is no longer at the focal point of the source optics.  
Through controlling the emission current and the position of the emission region, the 
emission intensities span 5 orders of magnitude. The driving current can be easily 
adjusted using the external controls on the power source and the operation software. 
Thus, this source has a high dynamic range of operation that can be easily controlled to 
balance signal intensity and sample damage.  
  
Figure 3.2: Emission spectra of H Lyman-α lamp (A) and plot of emission intensity vs. lamp 
current (B). 
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Figure 3.3: Measured emission spectra around the 121.6 nm emission peak in the presence of a 20 
mbar oxygen atmosphere and a 16 cm path length (black line), and the calculated emission 
spectra accounting for the absorbance of the oxygen gas (red line).  The lack of oxygen 
absorbance in these wings is evidence that these wings are not real, and are instead an artifact of 
the spectrometer. 
 
3.2.2 Investigation of Beam Path Environment 
Figure 3.1 shows the path for photons emitted from the VUV source as they pass 
through the optical module and into the UHV system. A large portion of the beam path 
lies between the MgF2 windows of the source and the UHV system. This space can be 
purged with gases or pumped under vacuum giving control over the beam path 
environment.  As oil vapors will strongly absorb in the VUV region, a dry diaphragm 
pump is used to maintain a low pressure (~8 Torr) with a continuous nitrogen purge.  
During setup it was determined that house nitrogen at 3-10 Torr resulted in lower signal 
than expected, and a short desiccant column was installed to further dry the nitrogen.  
However, even with dried nitrogen (-73 °C dew point), when the purge pressure is 
increased above 10 Torr there is a noticeable decrease in emission intensity. To 
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investigate the origin of this decrease, UPS spectra of silver and C60 were taken with 
ultra-high purity nitrogen and high-vacuum.  Furthermore, as oxygen is known to have a 
narrow transmission window overlapping the H Lyman-α emission region (oxygen 
absorbance coefficient is 0.28 cm-1 at 121.6 nm at normal temperature and pressure),92, 114 
we tested the presence of low pressures of oxygen gas to serve as a filter to further reduce 
the intensity of the lower-energy emission lines. 
 
The UPS spectra taken under each environment for sputter cleaned silver are shown 
in Figure 3.4(A, B) on both linear and logarithmic scales normalized to the peak at 4.2 
eV.  With ultra-high purity nitrogen the signal intensity was comparable to dry house 
nitrogen at 8 Torr, but with the ultra-high purity nitrogen the signal decrease with 
increasing pressure was significantly reduced compared with dry house nitrogen.  The 
work function of silver is determined to be 4.31 eV, 4.33 eV, and 4.34 eV for the 
nitrogen, oxygen, and high-vacuum environments, respectively. These values are in 
agreement with the work functions of polycrystalline silver films reported in the 
literature.115-116 The spectra for C60 are shown in the same manner in Figure 3.4 (C, D).  
Here, the spectra are normalized to the C60 valence peak at 3.6 eV. The work function of 
C60 is 4.43 eV, 4.49 eV, and 4.55 eV for nitrogen, oxygen, and high-vacuum 
environments, respectively. The HOMO onset relative to the Fermi energy was 
determined from linear extrapolation with the data plotted on a linear scale. For C60 the 
HOMO onset was 2 eV for the nitrogen environment, 1.94 eV for oxygen, and 1.88 eV 
for high-vacuum. This results in an ionization energy for C60 of 6.43 eV under each 
environment tested, which is consistent with reported ionization energies for bulk C60.65, 
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117-118 Another difference in both the Ag and C60 spectra is the deeper valleys in the 
oxygen environments. For example, the valleys at 3 eV for Ag and 4.5 eV for C60 are 
noticeably lower with the oxygen purged setup. These deeper valleys between peaks are 
attributed to absorption of lower-energy emission lines by the oxygen gas, and 
demonstrate that an oxygen gas environment can be beneficial in increasing the 
resolution of higher energy spectral features. 
 
Figure 3.4: UPS spectra of Ag (A, B) and C60 on Ag (C, D) with varying atmospheres on both 
linear (A, C) and logarithmic (B, D) scales.  The binding energy is with respect to the Fermi 
energy (i.e. Fermi energy = 0 eV) 
 
To more closely examine the impacts of the different beam path environments, 
difference spectra were generated between the spectra of C60 in the differing 
environments. The difference spectrum between high-vacuum and nitrogen showed a 
nearly featureless plot, while the difference spectrum between high-vacuum and oxygen, 
as well as between nitrogen and oxygen, revealed a spectrum that closely matched that of 
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C60 shifted to higher binding energy by 0.68 eV, as displayed in Figure 3.5(A).  As 
shown in Figure 3.5(B), the difference spectra primarily result from oxygen emission 
lines at 130.22, 130.49, and 130.60 nm that are present in nitrogen and high-vacuum 
environments,119 but largely absorbed by oxygen in the oxygen filled environment.92  The 
intensity of these oxygen emission lines will vary with the amount of oxygen in the gas 
cell.  Overall, these difference spectra support that utilizing an oxygen gas environment 
provides a means of reducing lower energy emission lines. 
 
Figure 3.5: Difference spectra between UPS measurements of C60 films taken with an evacuated 
beam path (high vacuum) and an oxygen-filled beam path, and between nitrogen-filled and 
oxygen-filled beam paths (A) 
 
3.2.3 Examination of Sample Degradation  
Sample damage during UPS measurements can be a major problem for organic 
materials.  One material that has proven difficult is N,N′-Di(1-naphthyl)-N,N′-diphenyl-
(1,1′-biphenyl)-4,4′-diamine (NPD or NPB), a commonly used organic hole transport 
material in organic light emitting diodes.120 Figure 3.6 (A, B) shows UPS spectra taken 
of an NPD film using a He I discharge source. After only 1.5 minutes of illumination (the 
time it takes for one UPS scan) a shift can already be seen towards a lower φ and a higher 
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onset for the HOMO region. After 12 minutes of exposure there is a 0.38 eV shift in φ 
and the HOMO onset vs. the Fermi energy, plus features in the valence regions are 
starting to change shape.  The change in the shape of spectral features is observed as the 
initially well-defined valley between the peaks at 1.76 and 2.26 eV almost completely 
disappears after 12 minutes of He I source exposure. By contrast, the UPS spectra of 
NPD collected with the H Lyman-α source show no spectral change with exposure time, 
as shown in Figure 3.6. NPD spectra were taken with the H Lyman-α source operated at 
driving currents of 375 nA (Figure 3.7 A, B) , 2 μA (Figure 3.7 C, D), and 5 μA (Figure 
3.6 C, D), and at all driving currents the spectra are stable.  
 
The work function for NPD as measured with the H Lyman-α source is stable at 
4.08 eV, with changes of less than 0.025 eV (detector resolution) between the first 
spectrum at 375 nA and the final at 5 μA. Similarly, the HOMO onset of NPD is at 1.34 
eV and the difference between the spectra taken at 375 nA and 5 μA is less than 0.025 
eV. These values are consistent with other literature reports of NPD films on gold as well 
as the values that can be determined from the first He I spectrum.121-122 Looking at the 
HOMO onset plotted on a log scale it is evident that the noise floor is significantly 
decreased relative to the He I source, particularly at higher emission currents where the 
HOMO peak intensity is over 3 orders of magnitude above the noise floor.   
 
The relatively low noise floor enables the observation of a low density of tail 
states with the highest emission current, as also reported by others utilizing sources with 
low background emission.86, 102, 108 UPS systems that utilize monochromated deuterium 
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lamps or monochromated He I lamps exhibit HOMO intensities that are 3 to 4 orders of 
magnitude above the noise floor,86-87, 102 which is the same range as reached with our 
UPS system utilizing the H Lyman-α lamp.  Quantitatively, the signal to noise (S/N) ratio 
based on the HOMO peak is 7,000 for our 5 μA measurements of NPD. The only report 
of UPS on organics with greater sensitivity to gap states is the monochromated XeIα 
source with a state-of-the-art analyzer, where the HOMO peak of pentacene is roughly 5 
orders of magnitude above the noise floor.108  The H Lyman-α source is also 
advantageous owing to its slightly higher energy of 10.20 eV, as compared to 8.44 eV for 
the XeIα source and ≤8.0 eV for deuterium lamps.  Notably, the high S/N in our 
measurements is achieved using an analyzer with a noise floor of ca. 30 cps, whereas 
other analyzers can display noise floors of ca. 5 cps.86 
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Figure 3.6: Time dependent UPS spectra of NPD (20 nm) films on gold recorded with a He I 
discharge lamp (A, B) and a H Lyman-α lamp with 5 μA driving current (C,D). 
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Figure 3.7: Time dependent UPS spectra of NPD recorded with H Lyman-α lamp at 375 nA 
(A,B) and 2 µA (C,D) driving currents. NPD films show no degradation. 
 
Semiconducting polymers are also heavily utilized in organic electronics. A 
classic example is poly(3-hexylthiophene-2,5-diyl) (P3HT), which has been widely used 
in organic field effect transistors and photovoltaics. The electronic structure of P3HT has 
been investigated by multiple groups, however there exists wide variation in the reported 
ionization energies. Values ranging from 4.45 eV-4.7 eV have been reported,100, 123-127 
which may be the result of differing processing conditions, variation in molecular weight 
of the polymer chains, varying regioregularity, or perhaps sample damage caused by 
VUV irradiation. Using the H Lyman-α source with widely tunable emission intensity, 
we are able to probe the electronic states of P3HT while significantly reducing the 
possibility of radiation induced damage. To do so we first carried out an intensity 
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dependent study in which a single P3HT film was probed with increasing driving currents 
until maximum emission intensity was reached. This is shown in Figure 3.8 (A,B) with 
driving currents used in ascending order of 60 nA (1.2%), 141 nA (2.8%), 375 nA 
(7.5%), 2 μA (40%), and 5 μA (100%). The secondary electron cutoff region (A) displays 
that there is no shift (<0.025 eV) in the work function (4.04 eV) as the emission intensity 
is increased. The HOMO onset relative to the Fermi energy (B) also does not change with 
increasing intensity.  
 
Figure 3.8: UPS spectra of P3HT using the H Lyman-α lamp at increasing emission 
intensities(A,B) and UPS spectra of P3HT taken at 10 minute intervals under constant exposure 
to maximum emission (C,D). 
 
The lack of any observable shift in φ or the HOMO onset indicates that the P3HT 
sample is stable at short exposure times up to the maximum emission intensity.  Next, a 
time dependent study was performed where the same sample was illuminated with the 
maximum emission intensity for a 40-minute duration with spectra collected at 10-minute 
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intervals (Figure 3.8 C, D). Over the course of 40 minutes, φ and the HOMO onset do 
not change from 4.04 eV and 0.5 eV, respectively. Thus, the ionization energy for P3HT 
is determined to be 4.54 eV, which falls within the range of values found in literature.100, 
123-127 Additionally, the φ from different positions on the same sample and the average φ 
between multiple P3HT samples varied by less than 0.05 eV, showing a high level of 
reproducibility.  Another important point is that there are no states detected on this linear 
scale between the onset at 0.5 eV and the Fermi energy.  This is in contrast to other 
measurements with a He I source where a clear tailing of states is observed between the 
HOMO onset and the Fermi energy.128 
 
With P3HT experiencing no sample damage over a 40-minute period of VUV 
source exposure, we performed a series of UPS measurements during the stepwise 
deposition of C60 on the P3HT film as displayed in Figure 3.9.  In accordance with 
previous work,100, 124, 128-129 we observe the same general trend of an increase in φ upon 
deposition of C60, though after a small initial decrease of 0.08 eV upon deposition of 2 Å 
C60.  To compare our results to previous work, we compare the vacuum level shift at 8 nm 
C60.  Here, φ increased by 0.20 eV relative to only P3HT (4.04 eV initial vs. 4.24 eV with 
8 nm C60).  This value agrees most closely with the 0.18 eV increase in φ observed upon 
10 nm of C60 deposition on P3HT measured scanning Kelvin probe microscopy,129 and 
the 0.1 eV increase in φ upon 10 nm C60 deposition on P3HT observed through 
synchrotron based UPS measurements.124  However, this value is contrast to other 
literature reports of a ca. 0.5  eV increase in φ upon 8 nm C60 deposition on P3HT as 
measured with UPS using gas discharge sources.100, 128  In part, some of the discrepancy 
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over the change in φ may result from differing processing parameters and the variation in 
the initial φ of the P3HT film, which ranges from 3.43 to 4.25 eV.100, 124, 128  In addition, a 
portion of the conflicting results may be due to sample damage occurring during the UPS 
measurements, as supported by the 0.38 eV increase in φ of NPD observed upon 12 
minutes of exposure to 21.22 eV photons from a He I VUV source.  With the potentially 
large effects interface dipoles and energy level shifts can have on the performance of 
organic photovoltaics,130-134 it is imperative that these energetics be measured accurately. 
 
Figure 3.9: UPS spectra of the secondary electron cut-off region (A) and HOMO onset region (B) 
for the step-wise deposition of C60 on P3HT. The thickness of C60 deposited is indicated in A.  
The spectra of the HOMO onset region are multiplied by the values listed on the graph. 
 
In a recent collaboration with the Mei group of Purdue University we applied our 
UPS system to measure the electronic structure of a series of diketopyrrolopyrrole (DPP) 
based semiconducting polymers.135 These DPP polymers incorporated conjugation break 
spacers of 0-12 methylene units (DPP-Cm, where m is the number of methylene units in 
the spacer).135 In preliminary UPS intensity dependent studies of the DPP-Cm films it 
was observed that some showed sensitivity to higher intensity emission, two such 
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examples are shown in Figure 3.10. The secondary electron cutoff region for DPP-C0 
and DPP-C3 are shown in Figure 3.10.  The work function of both polymers shift by 
0.075 eV as the driving current is increased from 141 nA to 5 μA. This is not 
accompanied by any shift in the HOMO onset and thus a range of ionization energies 
may be reported, but only the spectra measured with 141 nA driving current is correct.  A 
change in the shape of the secondary electron cutoff for DPP-C3 can also be seen as a 
shoulder with a lower φ becomes more prominent with increasing emission intensity. As 
a result of these preliminary results, UPS measurements of these DPP derivatives were 
performed at low emission intensities and longer scan times to accurately measure the 
ionization energies.       
 
Figure 3.10: Intensity dependent UPS spectra of DPP-C0 (A) and DPP-C3 (B) at driving currents 
of 141 nA, 1 μA, and 5 μA. 
3.3 Conclusions 
We presented a novel VUV photon source well-suited to measuring UPS spectra of 
organic materials.  The VUV source boasts an emission intensity that is adjustable over 
several orders of magnitude. In the polymers and molecules measured with this source, 
we were able to eliminate or significantly reduce radiation induced damage.  This ability 
to significantly reduce or eliminate sample damage during UPS measurements will 
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greatly facilitate the understanding and development of organic electronics through the 
accurate measurement of material and interface energetics. Moreover, the H Lyman-α 
VUV source primarily emits H Lyman-α photons at 10.2 eV, which removes the need for 
VUV monochromators or filters that are required to reduce the background level in other 
commonly used UPS sources.  Thus, this source may be helpful in quantifying tail and 
defect states. 
3.4 Experimental Details 
Materials. 
Ag (99.99%) was purchased from Angstrom Engineering, Au foil (99.95%) from Alfa 
Aesar, NPD (sublimed grade, 99%) from Sigma Aldrich, C60 from nano-C (99.5%), 
regioregular P3HT (electronic grade) from Rieke Metals, and the DPP containing 
polymers were synthesized by the Mei group using their previously published 
procedure.135  All materials were used as received. 
 
VUV lamp spectra and intensity characterization. 
 The Hydrogen Lyman-α lamp was characterized using two McPherson 218 VUV-
monochromators with 1200 L/mm, Al/MgF2 gratings, and blazed at 150nm. The 
monochromators were equipped with an ET Enterprises 9130/350B photomultiplier tube, 
specially equipped with a MgF2 window for VUV applications, operating in photon 
counting mode for high resolution spectroscopy (as e.g. in Figure 3.2) and a MgF2-S20 
image intensified diode array camera (EP&S Karger Elektronik) for overview spectra (as 
e.g. in Figure 3.3).  
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UPS and XPS measurements. 
 All UPS and XPS measurements were performed in a PHI 5600 UHV system 
containing an 11-inch diameter hemispherical electron energy analyzer with a 
multichannel plate detector.  UPS measurements were performed using the Excitech H 
Lyman-α photon source (E-LUXTM121) coupled with a 90⁰ ellipsoidal mirror (E-LUXTM 
EEM Optical Module).  Samples were negatively biased (-5V) during UPS measurements 
and the pass energy was 5 eV. With the exception of the beam path environment 
experiments, all UPS measurements were carried out with a dry house nitrogen purge of 
the beam path at 8 Torr.  For the beam path environment experiments, the region between 
VUV source and UHV chamber was either pumped using a turbomolecular pumping unit 
or purged with a low pressure of ultra-high purity oxygen or nitrogen (Scott Gross, both 
99.999% purity).  The He I UPS data was recorded in the Amassian laboratory at 
KAUST with an HIS 13 gas discharge source in an Omicron UHV system with a 
SPHERA hemispherical electron energy analyzer with a pass energy of 2.5 eV. XPS 
measurements were performed using a Mg Kα source (1253.6 eV). The binding energy 
scale was calibrated using the Au 4f peak position, the spacing between the Au 4f and Cu 
2p peaks, and the Fermi edges of Au and Ag (all sputter cleaned with Argon).      
 
Silver and C60 film preparation. 
Silver samples were made by thermally depositing 50 nm of silver on indium tin 
oxide (ITO) coated glass substrates that were cleaned by sequential sonication in soap 
water, acetone, and isopropanol followed by UV-ozone cleaning.  ITO coated substrates 
were used to ensure good electronic contact between the sample holder and sample prior 
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to silver film deposition. The silver samples were sputter cleaned and checked with X-ray 
photoelectron spectroscopy (XPS) to ensure all carbon was removed prior to UPS 
measurements. The C60 samples were made by thermally depositing 25 nm of C60 onto a 
clean silver substrate.  
 
P3HT film preparation and P3HT/C60 interface formation. 
 PEDOT:PSS (Heraeus Clevios P VP AI 4083) was spun cast onto clean ITO 
substrates at 5000 rpm for 30 seconds and then annealed at 130 ⁰C in air for 15 minutes 
before being stored in a nitrogen environment. Inside the glovebox a P3HT solution of 5 
mg/mL in dichlorobenzene was prepared and stirred overnight while heating at 70 ⁰C. 
The P3HT solution (at 70 ⁰C) was spun-cast onto the PEDOT:PSS at 1000 rpm for 40 s 
and annealed at 110 ⁰C for 10 minutes. P3HT samples were transferred from the 
glovebox to UHV chamber without air exposure. The P3HT/C60 interface was built up by 
sequential depositions of C60 using thermal depositions (2 x 10-7 mbar). Vacuum was not 
broken for the entire series of depositions/measurements.   
 
NPD film preparation. 
Gold foil was sputter cleaned with argon under UHV and ensured that no carbon 
remained using XPS. This was then transferred to the evaporator and 20 nm of NPD was 
deposited before being transferred back to UHV for measurements without breaking 
vacuum.  An identical procedure was performed for the films investigated with the He I 
source at KAUST, with the primary difference being at KAUST the sample remained 
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completely in UHV during film deposition (<5 x 10-9 mbar), while at UKY the sample 
was deposited in a HV (2 x 10-7 mbar) environment. 
DPP film preparation. 
 DPP-Cm solutions were prepared and spun-cast inside a nitrogen filled glovebox. 
Solutions in 1,2-dichlorobenzene were prepared with concentrations of 3 mg/mL and 10 
mg/mL for DPP-C0 and DPP-C3 respectively. These solutions were stirred overnight at 
50 ⁰C and spun-cast onto clean ITO substrates at 2500 rpm. No annealing was performed 
and the films were transferred into the UHV analysis chamber without exposure to 
atmosphere.  
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 CHARACTERIZATION OF HYBRID TIN PEROVSKITE ENERGETICS 
4.1 Introduction 
Material energetics and the alignment of energy levels with transport layers at 
interfaces play a pivotal role in determining the performance of perovskite photovoltaic 
devices.55, 60-64, 99 Favorable energetic offsets facilitate separation and collection of 
photogenerated charges,52, 136 enables charge selective interfaces,55, 137 and minimizes 
voltage losses within the device.55, 137-138 Poor interfacial energetics can result in charge 
build-up at interfaces,55 barriers to charge extraction,63 and increased recombination,55, 138 
all culminating  in substantial losses in device outputs. It is therefore imperative that 
interfacial energetics be optimized, which is predicated by a thorough understanding of 
the perovskite layer energetics. 
 
Following the two initial reports from 2014 that established tin as a viable B-site 
perovskite cation, several works now report champion PCEs >9% with 12.4% being the 
current record.48, 139-142 The improvements seen in these works and others in the field are 
the result of a wide variety of strategies including mixed A-site cations,143-144 mixed X-
site halides,145-146 reduced-dimensionality,139, 141 processing engineering,147-150 and 
extensive additive addition.146, 151-153 Cumulatively these strategies focus on two of the 
primary challenges regarding tin perovskite PVs: (1) fabrication of uniform and compact 
tin perovskite thin films and (2) the oxidative instability of Sn2+. Uniform thin films are 
necessary to provide continuous pathways for charge-carriers, minimize shorts, and avoid 
charge buildup at grain boundaries or interfaces; meaning that poor film morphology 
67 
 
negatively impacts nearly every aspect of a device’s performance. In this regard 
researchers have borrowed heavily from techniques utilized in the optimization of lead 
perovskite films such as solvent engineering,147-150 antisolvent treatments,142, 154 and 
thermal evaporation methods.155-157  
 
The challenges with the instability of Sn2+ arise from easy oxidation to Sn4+, with 
a standard redox potential difference of +0.15 V(𝑆𝑆𝑆𝑆4+
0.15
�⎯� 𝑆𝑆𝑆𝑆2+
−0.14
�⎯⎯�𝑆𝑆𝑆𝑆) it is 
thermodynamically much easier to oxidize relative to the larger +1.67 V for Pb (𝑃𝑃𝑃𝑃4+
1.67
�⎯� 𝑃𝑃𝑃𝑃2+
−0.13
�⎯⎯� 𝑃𝑃𝑃𝑃).158  This low barrier can result in Sn4+ inclusion during film formation 
or from post-fabrication reactions with oxygen or other oxidizing agents. In both cases, 
Sn4+ acts as p-type dopant leading to a process of “self-doping” that results in a high 
concentration of Sn2+ vacancies, high conductivity, and metallic like behavior within the 
perovskite film.158-160 If the perovskite film is formed with Sn4+ present (such as SnI4, a 
common impurity in SnI2 precursors16) the p-doping can result from nonstoichiometric 
defect reactions that involve Sn4+ acting as an electron acceptor as shown in Reaction 1.  
𝑆𝑆𝑆𝑆4+ + 2𝑒𝑒− →  𝑆𝑆𝑆𝑆2+  (𝑆𝑆𝑆𝑆4+ → 𝑆𝑆𝑆𝑆2+ + 2ℎ+)     (1) 
Additionally, this can drive the formation of Sn vacancies (VSn) to maintain charge-
neutrality, which can further distort the crystal lattice. Sn4+ formation and p-doping can 
also result from post-fabrication defect reactions between Sn2+ and oxygen as shown in 
Reaction 2. 
𝑆𝑆𝑆𝑆2+ + 𝑂𝑂2 →  𝑆𝑆𝑆𝑆𝑂𝑂2 +  2ℎ+        (2) 
Here oxygen acts as an electron acceptor, removing electrons from the perovskite thereby 
generating excess holes in the film. The additional electrons could be supplied by a 
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second Sn2+, which could give an overall reaction that results in the formation of two Sn4+ 
species, as shown in Reaction 3.   
2𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝐹𝐹3 +  𝑂𝑂2 → 2𝐹𝐹𝐹𝐹𝐹𝐹 +  𝑆𝑆𝑆𝑆𝑂𝑂2 +  𝑆𝑆𝑆𝑆𝐹𝐹4      (3) 
Other potential reaction pathways could generate I2 or even HI if water is involved as 
shown in Reactions 4 and 5.   
𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝐹𝐹3 +  𝑂𝑂2 → 𝐹𝐹𝐹𝐹𝐹𝐹 +  𝑆𝑆𝑆𝑆𝑂𝑂2 + 𝐹𝐹2       (4) 
2𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝐹𝐹3 +  𝑂𝑂2 +  2𝐻𝐻2𝑂𝑂 → 2𝐹𝐹𝐹𝐹𝐹𝐹 + 2𝑆𝑆𝑆𝑆𝑂𝑂2 + 4𝐻𝐻𝐹𝐹      (5) 
Regardless of the exact pathway, or combination thereof, these reactions would 
likely occur predominantly at surfaces and grain boundaries, where oxygen is most 
available, and result in p-doping of the perovskite film. Recombination between 
photogenerated electrons and dopant holes from any of these processes can limit charge-
diffusion lengths with values of ca. 30 nm reported; significantly lower than the 1μm 
lengths displayed by some lead perovskites.47 Additionally the formation of Sn4+ breaks 
the charge neutrality of the perovskite structure causing it to breakdown through the 
formation of oxides and hydroxides.160 The most commonly developed strategy to 
alleviate tin oxidation is the use of additives in material preparation and device 
fabrication. These include Sn powder,152 pyrazine,161 phosphorous acid,146 SnF2 151 and 
many others; though SnF2 stands out by far as the most commonly used.  First used in tin 
perovskite PVs by Kumar et al.151 SnF2 is now employed in the vast majority of tin 
perovskite PV reports, regardless of the perovskite composition and processing solvents 
and anti-solvents.158  
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Energetic considerations have largely been overlooked regarding tin perovskite 
PV optimization. This is evidenced by the fact that device architectures remain wholly 
unchanged from the early reports in 2014, which were themselves lifted from MAPbI3 
reports at the time. Both regular (n-i-p) and inverted (p-i-n) structures are commonly used 
though will little variation whatsoever. One of the key factors contributing to this 
stagnation is the disagreement on the tin perovskite material energetics. Careful selection 
of transport layers and optimization of device architecture necessitates first understanding 
the material that is being built around. Here, the literature is far from agreement.  Take 
for example FASnI3, the most commonly used tin perovskite composition, reports of the 
ionization energy span an incredible range of 4.7-6 eV.162-165 While unheard of in the 
related fields of organic or inorganic semiconductors this type of spread has been 
previously observed in lead perovskites for the flagship MAPbI3 composition.62 Here, 
disparities in reports are in part ascribed to potential variations in surface stoichiometry,62 
surface defects,166 work function of the underlying substrate,62, 167 sample degradation,168-
169 and onset determination given the low density of states at the band edge.99, 170 It is 
expected that the reports of FASnI3 may be similarly affected by these factors; however, 
additional considerations are necessary for characteristics uniquely exhibited by tin-
perovskites. Namely, that high quality tin perovskite films ubiquitously contain high 
concentrations of additives like SnF2 and that films are particularly air sensitive due to 
Sn2+ reactions with oxygen. In this work we present applications of our low energy 
ultraviolet and inverse photoelectron spectroscopy systems to study the aforementioned 
factors that may contribute to the variation in reported energetics for FASnI3. We find 
that both the inclusion of SnF2 and degree of air exposure can have dramatic effects on 
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the material energetics, with these differences arising from fundamental different 
processes. 
4.2 Results and Discussion 
4.2.1 Stability of FASnI3 Under Measurement Conditions 
Low energy ultraviolet photoelectron spectroscopy and inverse photoelectron 
spectroscopy are employed to probe the frontier occupied and unoccupied states, 
respectively, of FASnI3. Both systems rely on lower energies than typical laboratory 
systems and have shown to significantly reduce sample damage in organic 
semiconductors and are expected to have a similar effect on perovskites.89, 171 The spectra 
presented here are performed on high quality FASnI3 samples as supported by their 
reasonable device performances of 3 to 5%. Further, XPS measurements were used in 
conjunction with UPS and IPES to confirm proper surface stoichiometry and the absence 
of significant surface contamination.   
 
Initial measurement series were used to probe the stability of as prepared FASnI3 
samples under prolonged illumination conditions for both UPS and IPES. Referred to as 
intensity dependent studies, a single FASnI3 film was probed with increasing intensity 
until maximum emission intensity was reached. For UPS with the H Lyman-a light 
source, the resulting spectra are shown in Figure 4.1 for emission intensities of 1.2%, 
2.8%, 7.5%, 40%, and 100%. The initial scan performed at the lowest emission intensity 
is presented to serve as a pristine reference before averaging further sweeps. Over the 
entire range of emission intensities there are no observable changes in the position of the 
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secondary electron cutoff and therefore surface work function as shown in (A). Likewise, 
the valence band features and onset displayed in (B) also show no change in position or 
relative intensities. This lack of any observable changes in the spectral features indicates 
that the FASnI3 sample is sufficiently stable under irradiation.  
 
Figure 4.1: Secondary electron cutoff region (A) and onset region (B) collected from UPS of 
FASnI3 using H Lyman-a lamp at increasing emission intensities. Subsequent spectra are offset 
along the y-axis with an overlay shown in the inset. 
 
 A similar intensity dependent studied was carried out using IPES however the low 
cross-section of IPES limits the minimum electron beam intensity and scan times that can 
be used to obtain reasonable spectra. Therefore, in this situation we used emission 
currents (synonymous with emission intensity) of 1, 2, and 4 uA to probe the sample at 
increasing electron beam intensities. The resulting spectra are presented in Figure 4.2 on 
a linear (A) and semilogarithmic scale (B). Mostly devoid of features the band onset is 
primary used to compare the spectra and as the electron gun emission current is increased 
no observable shifts in the spectral onsets are observed. In combination with the UPS 
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study these measurements indicate stability of FASnI3 samples under measurement 
conditions.  
 
Figure 4.2: IPES of the conduction band onset regions of FASnI3 taken with increasing electron 
gun emission currents on linear (A) and semilogarithmic (B) scales 
 
4.2.2 Energetics of FASnI3 Surface 
*Section 4.2.2 contains text adapted with permission from “Boehm, A. M.; Liu, T.; Park, 
S. M.; Abtahi, A.; Graham, K. R. Influence of Surface Ligands on Energetics at 
FASnI3/C60 Interfaces and Their Impact on Photovoltaic Performance. ACS Applied 
Materials & Interfaces 2020, 12 (5), 5209-5218.” Copyright (2020) American Chemical 
Society.  
 The valence and conduction band spectra regions of neat FASnI3 are shown in 
Figure 4.3 on a semilogarithmic plot as measured by UPS (black) and IPES (blue). 
Spectra are presented relative to the vacuum level such that the ionization energy (IE) and 
electron affinity (EA) can be determined directly from the onsets of the valence and 
conduction bands (marked with solid vertical red lines). In the area of organic 
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semiconductors band edges are typically extracted through linear fits to the density of 
states (DOS) at the band edge and the intersection with the background. This works well 
for many organic semiconductors like C60, however, most perovskite compositions, 
including FASnI3, display a very low density of states at their band edges leading to 
difficulty in extracting consistent and reasonable onset values. Numerous different 
approaches have been used to determine band edges for perovskite materials, which is 
one of the contributing factors for the wide spread in reported energetics even for a single 
composition.62, 99  In this work to determine VBM and CBM we use a methodology based 
on previous work for lead-based perovskite derivatives that combined experimental and 
theoretical studies.66, 170 Figure 4.3 shows the Gaussian fits (red dashed lines) to the 
lowest binding energy feature for UPS and highest binging energy feature for IPES used 
to determine IE and EA. The fitting of spectral data with Gaussian peaks is performed 
without any normalization and on a semi-logarithmic scale. The value for s (standard 
deviation, or FWHM/2.355) is originally used as a fitting parameter and then kept 
constant for different samples of the same material. From the Gaussian peak center, the 
band edge is determined as either 2.9sabove (VBM) or below (CBM). This value of 
2.9s is originally from the aforementioned report that combined experimental and 
theoretical studies of Pb halide perovskites.66 Additionally, the band edge positions 
determined from 2.9s appear reasonable when viewed as in Figure 4.3, give VBM and 
CBM consistent with other reports, and result in transport gaps that correspond well with 
measured optical gaps. We find that in the case of FASnI3, with our systems, that these 
features are well defined and reproducible fits of the falling edges are easily achieved 
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across different samples and by different users. The end result is that extracted band edge 
values vary by only about <0.1 eV. 
 
Figure 4.3: Band onset regions of neat FASnI3 from UPS and IPES spectra with dashed lines 
showing the Gaussian fits used for VBM and CBM onset determination. 
 
This results in an IE of 5.32 eV and EA of 3.93 eV for the neat perovskite film. 
Reported literature values for FASnI3 show significant variation in the IE, covering a 
range from 4.7-6 eV.162-165  These discrepancies in reported values stem from a variety of 
factors, such as differences in surface composition,62 film fabrication conditions,172-173 
and onset determination methods for the low density of states at the band edges.99, 170 Our 
value of 5.32 eV falls near the center of this range and matches well the recent work from 
the Olthof group that utilized both experimental and computational studies to determine 
energy levels for a variety of perovskite compositions.99 Far fewer reports can be found 
for the EA of FASnI3 and our value of 3.93 eV does deviate slightly from the 4.12 eV 
value reported by the Olthof group.99 From these energetic values the transport gap for 
FASnI3 is determined to be 1.39 eV. This corresponds well with the experimental optical 
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gap of 1.35 eV from absorption measurements as shown in Figure 4.4 and other reports 
of the optical gaps derived from absorption measurements and Tauc plots.163 
 
Figure 4.4: Absorbance spectra with linear fit to absorption edge for neat FASnI3 film 
 
4.2.3 Effect of Air exposure on FASnI3 Surface Energetics  
Most perovskite films and all tin perovskite films are fabricated in inert 
atmospheres, though limitations of laboratory setups often require some degree of air 
exposure for samples to perform PES measurements. This most commonly occurs during 
transfer from the inert fabrication environment to the analysis chamber, although in some 
cases while undergoing the measurement itself. The latter is the case for photoelectron 
yield spectroscopy in air (PESA), another technique occasionally used to measure the 
ionization energy of thin film semiconductors. With measurement times of approximately 
10 minutes this is a key variation from UPS, which is performed under UHV conditions. 
Knowing that tin perovskites are highly unstable in air it is important to consider the 
effect this has on accurate determination of surface energetics. 
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In order to examine the impact of air exposure on the surface energetics of 
FASnI3 we fabricate three films in an inert nitrogen atmosphere and then expose them to 
ambient atmosphere for controlled durations immediately before performing UPS, IPES, 
and XPS measurements. Figure 4.5 displays the UPS and IPES spectra of FASnI3 
exposed to air at 0, 0.5, and 10 minute intervals. Here, the non-air exposed film serves as 
the baseline, while 30 seconds of air exposure represents a sample transfer and 10 
minutes is analogous of a PYS measurement in air.  
 
Figure 4.5: Secondary electron cut-off region (A) and onset region (B) recorded using UPS and 
IPES of FASnI3 films after ambient air exposure times of 0, 0.5, and 10 minutes. Results are 
summarized in a schematic diagram of the energy levels (C). 
 
 With no air exposure the SECO of FASnI3 falls at 5.34 eV, resulting in a work 
function of 4.86 eV for the neat film. After a 30 second stint of air exposure the leading 
edge of the SECO remains unchanged although a small shoulder is observed towards the 
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base as shown in Figure 4.5(A) indicating some changes in the film surface. The change 
in work function though is negligible (~20 meV), which is within instrumental resolution. 
However, after 10 minutes of air exposure a clear step towards higher binding energy is 
observed for the SECO resulting in a reduction of the work function by approximately 80 
meV. Similar trends are observed in the valence and conduction band onset regions in 
Figure 4.5(B), that is, brief 30 second air exposure introduces negligible changes in the 
spectra while longer 10 minute intervals result in significant deviations. The valence band 
regions of the 0 and 30 second air exposed samples align nearly perfectly resulting in 
almost identical IEs of 5.32 eV and 5.3 eV respectively. The 10-minute sample however 
shows notable changes, first that the band onset is significantly closer to the Fermi level 
and second the relative intensity of the two most discernable features has changed. The 
shift in the VBM towards the Fermi level suggests more p-type character for the film, 
which is consistent with the oxidation of Sn2+ as shown in Reaction 2. The change in the 
relative intensities of the features originally observed at ca. 1.5 eV and 2.5 eV in the neat 
films indicate significant disruption of the perovskite structure. Together the changes in 
both work function and VBM of the 10-minute air exposed sample results in a reduction 
of the IE by 330 meV vs the control. While an IE of 4.99 eV is still deeper than the 
shallowest IE reports in the literature it is worth noting that all reports placing the IE 
<5eV did so utilizing PESA.162, 165 The combination of subtle differences in surface 
stoichiometry, onset fitting methods, or even the measurement duration could feasibly 
account for the remaining difference in IE. Overall the EA appears to be only minorly 
impacted by air exposure. Some subtleties may be lost as the result of lower instrumental 
resolution, but the CBM shows only small shifts between the three samples, although the 
78 
 
10 minute air exposed film does show a more gradual onset relative to the other two. This 
results in a narrowing of the band gap as the VBM changes dramatically on air exposure 
but this change is not mirrored in the CBM, as such the bandgap is reduced from ca. 1.4 
eV to 1.12 eV. 
 
 The XPS spectra for each interval of air exposure are displayed in Figure 4.6, 
where the C 1s, O 1s, and Sn 3d regions were used to probe the surface for changes upon 
air exposure. The initial non-air exposed film shows two C 1s peaks that can be 
correlated to the partially positively charged carbon in formamidinium (288 eV) and 
adventitious carbon (284 eV), which is the result of adsorption of hydrocarbon and 
carbon oxide species. Without air exposure the FA C1s to non-FA C 1s peak ratio is 1.4:1 
however, proceeding to films with increased air exposure this ratio shifts to favor the 
non-FA carbon. The carbon ratio is 0.8:1 and 0.7:1 for the 30-second and 10-minute air 
exposed films respectively. It is clear that a thicker adventitious carbon layer quickly 
accumulates upon air exposure, which could potentially be responsible for the work 
function shifts observed. The O 1s region shows the absence of any peaks in the non-air 
exposed sample, however air exposed samples show two peaks observed at ca. 530.5 eV 
(purple) and 532 eV (red) corresponding to metal oxide (O-Sn4+) and organic carbon 
oxide containing species (C-O and C=O) adsorbed on the surface  respectively. These 
peaks are observed weakly in the 30 second air exposed sample and then much more 
strongly in the 10 minute exposed sample. The increase in adsorbed oxygen containing 
contaminants is of course consistent with longer air exposure time. The increase in O-
Sn4+ indicates the formation of SnO2, the expected product from the reaction of Sn2+ and 
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O2 as described in Reaction 2. As this reaction is known to result in formation of holes 
and therefore p-dope the film the large amount of O-Sn4+ observed in the 10 minutes 
exposed sample is consistent with the shift of the VBM towards Ef observed in UPS. The 
Sn 3d region displays the 3d5/2 peak, which is dominated by two primary Sn species, Sn2+ 
and Sn4+, whose contributions are displayed in blue and green respectively. Additional 
weak contributions are included to account for a combination of Sn(0) and peak 
asymmetry (red) and overlap with Sn 3d3/2 satellite peaks (black and purple). Sn 3d peak 
fitting methods are detailed in Chapter 2 and here discussion is centered around Sn2+ and 
Sn4+ as they are the only species that exhibit significant changes following prolonged air 
exposure. The non-air exposed and 30 second air exposed samples show no significant 
spectral changes with Sn2+ accounting for about 90% of the tin present at the surface 
while only about 8.5% for Sn4+. This is consistent with the changes observed in the O1s 
where very little O-Sn4+ is observed in the 30 second exposed sample and suggests that 
FASnI3 is relatively stable to air exposure on short timescales, which correlates with the 
negligible shifts observed in the energetics. Following 10 minutes of air exposure the 
amount of Sn4+ increases dramatically as the Sn 3d5/2 broadens towards higher binding 
energy. Here the Sn2+:Sn4+ ratio is greatly decreased with Sn2+ now accounting for only 
55% of total tin at the surface while Sn4+ has increased to 43%. This is again consistent 
with the O1s spectra that showed the substantial formation of metal-oxide and the further 
supports that shift of the VBM towards the Fermi level observed in UPS. These results 
suggest that the changes observed in FASnI3 energetics are largely the result of surface 
oxidation and the formation of SnO2.  
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Figure 4.6: XPS data showing the C 1s (A), O 1s(B), and Sn 3d regions as a function of air 
exposure time 
 
4.2.4 Effect of SnF2 on FASnI3 Surface Energetics 
Tin (II) fluoride is a nearly ubiquitous additive in tin perovskite film fabrication. 
Most commonly used to reduce the oxidation of Sn2+, SnF2 is added to precursor 
solutions at concentrations of 5-20 mol% relative to the perovskite. Though typically 
employed for this singular purpose SnF2 addition has been shown to affect other facets of 
perovskite films (usually positively) including film morphology,153-154 crystal phase 
purity,151, 174 and stability.98, 174 SnF2 does not incorporate into the perovskite crystal 
structure owing to the much smaller ionic radii of F and is generally distributed 
homogenously throughout the samples, though a recent report suggests slight localization 
at crystal grain boundaries.151, 174 The effect of SnF2 on perovskite energetics is therefore 
a complex but important question for the development of tin perovskite devices.  
 To explore the impact of SnF2 inclusion on FASnI3 film energetics we make 
samples both with and without the additive for analysis with UPS, IPES, and XPS. 
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Preliminary testing with PV devices showed that the optimal amount of SnF2 was 10-12 
mol% for our fabrication methods, 11 mol% is therefore used in analyzed samples. UPS 
and IPES results from films with and without SnF2 are presented in Figure 4.7(A, B) and 
summarized in a schematic diagram(C).  
 
Figure 4.7: Secondary electron cutoff region (A) and onset region (B) recorded using UPS and 
IPES of FASnI3 films with and without SnF2. Results are summarized in a schematic diagram of 
the energy levels (C). 
   
The SECO region shows a small shift in work function of ca. 30 meV with the 
removal of SnF2 however changes in the onset region are far more pronounced. In both 
the UPS and IPES large changes are observed upon the removal of SnF2, for UPS the 
spectral shape remains largely unchanged, but there is an astonishing shift of ca. 450 
meV towards Ef, which places the VBM almost at the Fermi level and indicages a very p-
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type film. This is consistent with the most commonly prescribed role of SnF2, which is to 
reduce Sn4+ formation and therefore background doping levels. On the other side IPES 
shows a similar shift away from Ef and deviations in the spectral shape for the conduction 
band. Like the sample with prolonged air exposure, the shifts in VBM and CBM are of 
differing magnitude resulting in a slight narrowing of the band gap.  To shed light on the 
changes observed in the surface energetics XPS was performed on each film following 
UPS and the resulting spectra for Sn3d5/2 and O1s regions can be found in Figure 4.8.  
 
Figure 4.8: XPS data showing the Sn3d5/2 (A) and O1s (B) regions as a function of SnF2 inclusion 
 
The Sn 3d5/2 region again shows two dominant Sn peaks corresponding to Sn2+ 
(blue) and Sn4+ (green). Spectral contributions from Sn(0) and peak asymmetry (red) and 
Sn 3d3/2 satellites (black and grey with patterned fill) are included. Note that the Sn 3d3/2 
satellites have shifted towards lower BE in this dataset, this is because Al anode x-ray 
emission was utilized as opposed to Mg. For the film containing SnF2 the total tin present 
is made up of 92% Sn2+ and 6.5% Sn4+ at the surface, similar to the control in the air 
exposure experiments. In the absence of SnF2 the Sn4+ peak grows substantially where 
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the tin make-up is now approximately 86% Sn2+ and 12% Sn4+, nearly double the amount 
of Sn4+ compared to the prior film. Interestingly this increase in Sn4+ is not accompanied 
by any oxygen peaks as shown in Figure 4.8 (B), which is in contrast with the air 
exposure experiments where the increase in Sn4+ was primarily the result of reactions of 
Sn2+ with oxygen, á la Reaction 2. Curiously the film with SnF2 does show weak oxygen 
peaks corresponding with O-Sn4+ and adsorbed carbon oxide containing species as seen 
in the air exposure experiment, potentially the result of residual solvents in the glovebox 
atmosphere. Regardless, the increase in Sn4+ paired with the lack of oxygen peaks in the 
absence of SnF2 suggests a change in the origins of Sn4+ compared to the air exposure 
experiments, and therefore a transformation of the p-doping mechanism. That is, from 
Reaction 2, where Sn4+ results from post-fabrication reaction with oxygen, to Reaction 
1, where Sn4+ is present during film formation either from reactions with non-oxygen 
oxidizing species or as impurities in tin precursors. This change in formation mechanisms 
upon the removal of SnF2 is consistent with its’ reported capability to act as a reducing 
agent. In any case the changes observed in the energetics upon the removal of SnF2 are 
due not only to the increase of Sn4+, but also the mechanisms of its origin.  
4.3 Conclusions 
We find that the application of our low-energy UPS and IPES systems provide a 
consistent and non-damaging means for probing the surface energetics of FASnI3. 
Further, through means of Gaussian fitting to features closest to the onsets we can 
determine reasonable and reproducible values for ionization energy and electron affinity 
that are consistent with literature reports and optical measurements. We then applied 
these systems to investigate the effects of ambient atmosphere and SnF2 inclusion and 
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found that both can play a considerable role on measured energetics. Short air exposure 
times, synonymous with sample transfer, exhibit negligible changes in material energetics 
while longer exposure times, akin to measurements performed in air, result in a 
significant decrease in ionization energy and narrowing of the band gap resulting from 
extensive oxidation of the film surface after fabrication. The absence of the common 
additive SnF2 during perovskite formation resulted in similarly remarkable changes in the 
surface energetics resulting, in part, from the inability to sufficiently deter Sn4+ inclusion 
during film fabrication. Collectively we have shown that the degree of air exposure and 
the addition of additives like SnF2 could be responsible for some of the incredible 
disparities in reported FASnI3 energetics.   
4.4 Experimental Details 
Materials. 
Perovskite precursors include Tin (II) Iodide (SnI2, Alfa Aesar 99.999%), 
Formamidinium Iodide (FAI, Greatcell Solar), and Tin (II) Fluoride (SnF2, Acros 
Organics 99%). These were used with anhydrous solvents N,N-Dimethylformamide 
(DMF, SeccoSolv 99.9%), Dimethyl sulfoxide (DMSO, SeccoSolv 99.9%), toluene (Alfa 
Aesar 99.8%), and anisole (Acros Organics 99%). All solvents were degassed using at 
least three freeze-pump-thaw cycles.  Perovskite substrates consisted of indium tin oxide 
(ITO) coated glass substrates from Tinwell Tech (15 Ω/□) and PEDOT:PSS (Clevios P 
VP AI 4083). 
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FASnI3 film fabrication. 
Non-patterned 2x2 cm ITO-coated glass substrates were cleaned by sequential 
sonication in deionized water with sodium dodecyl sulfate, pure deionized water, acetone, 
and 2-propanol each for 15 minutes. After drying with compressed air the ITO-coated 
substrates were UV-ozone treated for 15 minutes. Immediately following UV-ozone 
treatment 175 μL of room temperature, 0.45 μm nylon filtered, PEDOT:PSS solution was 
spun cast at 4,000 rpm for 45 s with an acceleration of 800 rpm/s before annealing at 120 
°C for 15 minutes in air. The samples were then transferred into a N2 filled glove box 
(typically <0.1 ppm O2 and H2O) for all further processing. Here a 1.1M FASnI3 
precursor solution with 10 mol% SnF2 was prepared by dissolving SnI2, FAI, and SnF2 
in a 1:1:0.11 molar ratio using a 70:30 (V:V) mixture of anhydrous and degassed DMF 
and DMSO.  This solution was mixed at 750 rpm without heat for at least 2.5 hours 
before spin casting. The perovskite solution was then deposited by spin coating 50 μL of 
solution at 9,999 rpm (with maximum acceleration) for 1 s before a 20 s ramp down to 0 
rpm (500 rpm/s deacceleration). The substrates were then immersed in anisole for 
approximately 4 seconds before being placed back on the spin coater and spun at 4,000 
rpm for 30 s (2,000 rpm/s acceleration) to dry. When 5 s remained in this spin cycle 120 
μL of toluene was quickly dropped on the substrate surface from a height of 
approximately 1 cm as a second anti-solvent treatment. Samples then sat at room 
temperature for 5 minutes before annealing at 130 °C for 15 minutes. Films exposed to 
air were removed from the glovebox and exposed to ambient lab conditions for the 
specified times.  
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UPS, XPS and IPES measurements. 
Perovskite films were transferred into a PHI 5600 UHV system (typical base 
pressure 3×10-10 mbar) for all PES and IPES measurements. The transfer process was 
completed entirely within an inert nitrogen atmosphere (typically <0.1 ppm H2O and O2). 
All measurements were completed within 24 hours of sample fabrication to minimize 
sample degradation or surface contamination. Photoelectron collection and kinetic energy 
detection for PES measurements was performed with an 11-inch diameter hemispherical 
electron energy analyzer and multichannel detector. The excitation source for UPS was 
an Excitech H Lyman-α lamp (E-LUXTM121) with an excitation energy of 10.2 eV. All 
UPS measurements were recorded with -5V sample bias and a pass energy of 5 eV. XPS 
measurements used a dual anode Mg-Al x-ray excitation source (Al kα emission 1486.6 
eV, and Mg kα at 1256.6 eV); and a pass energy of 30 eV. XPS measurements performed 
during the air exposure sample set utilized the Mg anode while measurements for the 
samples with and without SnF2 utilized the Al anode.  
 
 IPES measurements were performed in the Bremsstrahlung isochromat mode with 
electron kinetic energies below 5 eV and an emission current of 1-4 μA. A Kimball 
Physics ELG-2 electron gun equipped with a low temperature (1150K) BaO cathode was 
used to generate the low energy electron beam. Emitted photons were collected with a 
bandpass photon detector consisting of an optical bandpass filter (280 nm, Semrock) and 
a photomultiplier tube (R585, Hamamatsu Photonics). During all IPES measurements the 
UHV chamber was blacked-out to exclude external light and samples were held under a -
20 V bias.  
87 
 
  THE INFLUENCE OF SURFACE LIGANDS ON ENERGETICS AT FASNI3/C60 
INTERFACES AND THEIR IMPACT ON PHOTOVOLTAIC PERFORMANCE 
*Adapted with permission from “Boehm, A. M.; Liu, T.; Park, S. M.; Abtahi, A.; Graham, 
K. R. Influence of Surface Ligands on Energetics at FASnI3/C60 Interfaces and Their 
Impact on Photovoltaic Performance. ACS Applied Materials & Interfaces 2020, 12 (5), 
5209-5218.” Copyright (2020) American Chemical Society.  
5.1 Introduction 
Interfaces play a massive role in determining the performance of photovoltaic 
(PV) devices, including those based on organic metal halide perovskites (HPs).53, 57, 175-179 
Halide perovskite solar cells (PSCs) typically rely on a p-i-n (inverted) or n-i-p (normal) 
device architecture, whereby the HP is the i layer and carries out the majority of photon 
absorption and the n and p layers are the electron transporting layer (ETL) and hole 
transporting layer (HTL), respectively.  In an operating PSC electrons and holes must be 
transferred across the HP/ETL and HP/HTL interfaces, respectively, to reach the 
electrodes.  In an ideal case, charge transfer across these interfaces occurs with minimal 
recombination.  However, in reality these interfaces are plagued by severely increased 
recombination as compared to the bulk of the HP.53-57 Furthermore, ion transfer across 
these interfaces is a major degradation pathway in the PV device,58 as is water ingression 
across these interfaces and into the HP layer.  With this in mind, understanding and 
controlling these interfaces is a key aspect in improving the performance of PSCs. 
 
Lead (Pb) containing HPs have been the subject of massive research interest, 
which has resulted in the power conversion efficiencies (PCEs) climbing from a few 
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percent to nearly 25% over the past decade.8, 23  Not surprisingly, surfaces and interfaces 
in Pb-based HPs have been an area of growing interest.  Here, researchers have shown 
that surface recombination rates are commonly three-orders of magnitude faster than bulk 
recombination rates,53, 56-57 and that interfacial recombination leads to major performance 
losses in PV devices.54  One factor that determines surface and interfacial recombination 
rates is the concentration of trap states that can serve as recombination centers.  
Passivation of these trap states thus provides one means to decrease recombination 
rates.56-57, 180 Another factor that will influence interfacial recombination rates and 
interfacial charge transfer processes is the interfacial energy landscape.55, 61, 63-64, 175, 181 
Non-ideal interfacial energetics can result in charge build up at the interfaces, which will 
result in increased interfacial recombination rates.  As such, measurements of energetics 
at interfaces with Pb-based HPs are prevalent in the literature.61, 65, 67, 182-186  These 
interfacial energetic measurements provide important data for understanding the physical 
processes occurring within the device and highlight that optimization of interfacial 
energetics may lead to further increased PV performance.55, 63-64 
 
Energy level alignments at Pb-based HP/HTL and HP/ETL interfaces and their 
influence on charge extraction, charge-carrier recombination, and PV performance are 
not well established and are a subject of active research.55, 61, 175  Commonly, with organic 
transport layers a flat band condition is maintained within the HP;136, 183-184 however, 
interfacial dipoles and band bending in the HTL or ETL are occasionally observed.166, 185, 
187-188  In part, the lack of clear agreement on these interfacial energetics may arise from 
differences in surface stoichiometry,181 surface defect states,166 underlying substrates and 
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initial work function,167, 181 the difficulty in assigning VBM and CBM values due to the 
low density of states at the band edge,99, 170 surface photovoltage effects,189 or 
degradation processes occurring during measurement.168-169  Unfavorable interfacial 
energetics, for example where a barrier to charge extraction exists, have been observed to 
decrease PV performance.63  Similarly, charge transport layers that are not selective, i.e., 
a barrier to extraction of the opposite carrier does not exist, have also been observed to 
result in lower PV performance.55, 137  In general, although some conflicting reports do 
exist,190 so long as a barrier to charge extraction is not present and the transport layer is 
selective, the performance of Pb-based PSCs does not require that the IE or EA of the 
HTL or ETL be exactly matched to those of the HP.137, 175  That said, even small losses 
due to less than optimal interfacial energetics should be reduced to maximize the PV 
performance. 
 
Surface ligands provide a means to passivate surface defect states,180, 191-194 
decrease diffusion of species across an interface,191 and manipulate interfacial 
energetics.195  Application of surface ligands to Pb-based HP thin films has resulted in 
increased PL intensity,180, 192 reduced recombination rates, improved stability,191, 196 and 
improved PV performance.191-192, 196  Although numerous reports show that surface ligand 
treatment of HPs can improve PV performance, it is not yet clear how these ligands 
influence the interfacial energy landscape.  Here, UPS, IPES, and XPS measurements 
recorded at varying thickness increments are necessary to determine the complete energy 
landscape, yet these measurement series on surface ligand treated interfaces are not yet 
apparent in the literature.  Moving forward, it will be important to clearly identify how 
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surface ligands impact interfacial energetics and how these energetics alter interfacial 
charge transfer processes and PV performance. 
 
As discussed, most work on PSCs has focused on Pb-based HPs; however, Pb 
renders these materials and devices toxic.  Although they have significantly lower 
PCEs,139, 197 tin (Sn) containing HPs present a promising alternative to their Pb containing 
counterparts due to their lower toxicity.  Surface states and interfaces in these Sn-
containing HPs are significantly less explored and it is likely that these surfaces and 
interfaces are hugely important for improving Sn-based HP materials and PV device 
performance and stability.  In this article, we present the first measurements of energetics 
at interfaces between FASnI3 (FA=formamidinium) and C60, where FASnI3 represents the 
most commonly used Sn-based HP in PVs and C60 is one of the most commonly used 
ETL materials. The interfacial energetics show a favorable energy landscape for electron 
transfer to occur from FASnI3 to C60 and an unfavorable energy landscape for hole 
transfer. The XPS measurements also show clear evidence of I- diffusion into the C60 
layer and this I- diffusion is related to the observed interfacial energetics. Furthermore, 
we show how surface ligand treatment impacts the interfacial energy landscape and PV 
performance and stability of inverted devices with C60 as the ETL.  
5.2 Results and Discussion 
5.2.1 Energetics of FASnI3 Surface 
Low energy ultraviolet photoelectron spectroscopy (UPS) and inverse 
photoelectron spectroscopy (IPES) are employed to probe the frontier occupied and 
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unoccupied states respectively, at FASnI3 surfaces and interfaces.  Both our experimental 
systems rely on lower energies than typically used, with our UPS system using 10.2 eV 
for excitation,171 compared with the most commonly used He I excitation source at 21.22 
eV, and our IPES system probing 4.88 eV photons and using electrons with kinetic 
energies of 0 to 5 eV,89 as compared to the traditional laboratory based IPES system that 
probes 10 eV photons and uses electrons with kinetic energies of 5-15 eV.  Both systems 
have been shown to significantly reduce sample damage in organic semiconductors and 
are expected to have a similar effect on reducing sample damage in HPs.89, 171 
 
The FASnI3 samples analyzed throughout this paper are of high quality, as 
evidenced by their reasonable PV performance of 3 to 5%.197 In addition, XPS was 
routinely performed to ensure lack of extraneous surface contamination and appropriate 
surface stoichiometry. Figure 5.1 shows the valence and conduction band regions of neat 
FASnI3 measured with UPS and IPES on a semilogarithmic plot. Both spectra have been 
adjusted along the x-axis such that the vacuum level corresponds to E= 0 eV, meaning 
that the ionization energy (IE) and electron affinity (EA) can be determined directly from 
the onsets of the valence and conduction bands. These positions, marked with solid 
vertical blue lines, are determined with a Gaussian fit to the lowest binding energy 
feature for UPS and highest binging energy feature for IPES as described in 4.2.2. This 
results in an IE of 5.31 eV and EA of 3.93 eV for the neat perovskite film, which almost 
exactly matches the sample spectra presented in Figure 4.3. As noted prior, the reported 
literature values for FASnI3 energetics show significant variation, however these values 
for IE and EA are reasonable compared to similar high quality studies. From these 
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energetic values the transport gap for FASnI3 is determined to be 1.38 eV. This 
corresponds well with the experimental optical gap of 1.35 eV from absorption 
measurements as shown in Figure 5.2. 
 
Figure 5.1: UPS and IPES spectra of a FASnI3 film. 
 
 
Figure 5.2: Absorbance and photoluminescence for neat FASnI3 and FNCA treated films 
 
5.2.2 UPS, XPS, and IPES of FASnI3/C60 Interface 
To investigate the energetic structure at the FASnI3/C60 interface we performed a 
series of incremental depositions of C60 on a FASnI3 film and carried out UPS, IPES, and 
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XPS measurements after each deposition step. Here, C60 is a common ETL material for 
Sn-based PSCs in the inverted structure and a close analog for solution processable 
fullerene derivatives. Figure 5.3 A and B show the evolution of the UPS and IPES 
spectra on a semilogarithmic plot as the thickness of C60 is increased from 0 to 256 Å. 
Note that the x-axis is plotted relative to the Fermi energy (Ef) and for C60 band edges are 
extracted through linear fits to the DOS at the band edge the intersection with the 
background.  The position of the secondary electron cut-off (SECO) from UPS shows a 
consistent trend towards lower binding energies as the C60 thickness increases, indicating 
an upwards shift in the vacuum level. In the onset region C60 HOMO and LUMO features 
grow in quickly and the position of EF within the gap moves towards the unoccupied 
states. The energy diagram shown in Figure 5.3C was constructed based upon analysis of 
the UPS, IPES, and XPS spectra, as discussed in the proceeding paragraphs. 
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Figure 5.3 Secondary electron cutoff region (A) and onset region (B) recorded using UPS and 
IPES during the stepwise deposition of C60 on FASnI3 with no surface ligand treatment. Results 
are summarized in a schematic diagram of the energy levels (C). Work functions were determined 
from the SECO in UPS. 
 
The XPS spectra taken at each thickness increment during the deposition of C60 of 
FASnI3 are displayed in Figure 5.4. Initial XPS measurements show a surface 
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stoichiometry of 1: 1.7: 1.1: 3 for C: N: Sn: I, which is close to the ideal stoichiometry. 
Here, all XPS peaks shift slightly upon deposition of C60, indicating the presence of some 
band bending occurring in the HP.  Upon deposition of 2 Å C60, all XPS peaks from 
FASnI3 shift to higher binding energies by 0.22 to 0.29 eV.  This shift in the core levels 
does not follow the change in the work function, which increases by only 0.04 eV upon 
deposition of 2 Å C60. Following this initial peak shift to higher binding energies, the 
XPS peaks from FASnI3 all gradually shift to lower energies by ca. 0.3 eV as up to 32 Å 
of C60 is deposited, as shown in Figure 5.5. With each consecutive C60 deposition the 
XPS peak intensities of Sn and I are attenuated while the non-FA C peak increases, as 
expected; however, I remains weakly visible even after 256 Å of C60 is deposited.  In 
contrast, Sn is completely absent from the XPS spectra when only 128 Å of C60 is 
deposited, which is expected if a clean bilayer is formed. Additionally, no change in the 
ratio of Sn(II):Sn(IV) is observed throughout the stepwise series as shown in Figure 5.6. 
Considering that Sn is absent, yet I is clearly apparent at both 128 and 256 Å of C60, we 
conclude that I must be diffusing into the C60 layer.  Notably, this I- diffusion is not 
evident in stepwise deposition measurements of C60 on MAPbI3.188  
 
The XPS data in Figure 5.4C shows that the I 3d5/2 peak appears at between 
618.84 and 619.08 eV at thicknesses between 0 and 32 Å of C60 and increases by 
approximately 1 eV to 619.85 eV at a thickness of 256 Å. Figure 5.4D shows a closer 
look at the I 3d5/2 region at higher C60 thickness.  At a C60 thickness of 32 Å, the I 3d5/2 
region can be adequately fit with a single peak at 618.75 eV. However, at a C60 thickness 
of 64 Å a broadening towards higher BE is apparent and the data is better fit with two 
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peaks, one at 618.73 and another at 619.9 eV. The same is observed with 128 Å where 
the higher BE I peak is now dominant. Finally, at 256 Å of C60 only the higher BE I 
species is visible at 619.85 eV. The shifts in the I 3d5/2 peak position are consistent with I- 
converting to I2 or I3-, with both I2 or I3- appearing at higher binding energies due to the 
change in the average oxidation state of I.  The change in I- to I2 or I3- strongly suggests 
that I- is reducing C60 and resulting in n-doped C60-.  This mechanism is supported by 
previous literature where halide ions have been used to n-dope fullerenes through the 
introduction of ammonium halide salts, with the n-doping resulting in large increases in 
the electrical conductivity.71, 198-202   
  
97 
 
 
Figure 5.4: XPS data showing the C 1s (A), Sn 3d (B), and I 3d (C, D) regions during the 
stepwise deposition of C60 on FASnI3 with no surface ligand treatment. 
 
Figure 5.5: Energy level shifts in XPS peaks versus C60 thickness for non-modified FASnI3 
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Figure 5.6: XPS of Sn 3d3/2 peak of FASnI3 at C60 thickness of 0 and 16 Å. Fits show no change 
in the ratio between Sn(II) and Sn(IV). The lower binding energy peak is likely from a mix of 
Sn(0) and peak asymmetry as described in Chapter 2. In either case, no change in the relative 
intensity is observed. Also note that the Sn 3d3/2 peak does not overlap with any satellite peaks. 
 
To quantify the amount of iodide diffusing into the C60 layer and the resulting 
iodide deficiency at the FASnI3 surface, the XPS peak ratio between the C1s of C60 and 
the I 3d5/2 of the higher BE I species (>619.5 eV) was examined and the extent of iodide 
deficiency estimated using simple volume calculations. The first step for calculating the 
iodide deficiency at the FASnI3 surface is to determine the amount of iodide in a C60 
overlayer (IC60) that has some height (hC60) with a length and width equal to the lattice 
constant of the C60 unit cell (aC60), in other words a stack of C60 unit cells. At room 
temperature C60 will orient into a face-centered cubic lattice with 4 C60 molecules per unit 
cell and a lattice constant of 14.17 Å. To determine the amount of iodide in the C60 
overlayer we simply convert the volume of our C60 overlayer to total number of carbons, 
then to number of iodides contained. For this, we use equation 1:  
𝐹𝐹𝐶𝐶60 =  
240ℎ𝐶𝐶60𝑎𝑎𝐶𝐶60
𝐶𝐶:𝐼𝐼
              (1) 
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The top term of the equation determines how many unit cells tall our stack is, and 
then converts it to the total number of carbons. The bottom term is the C:I ratio, as 
determined by the C60 C1s and the higher BE I 3d5/2 (>619.5 eV) peak from iodide that 
has diffused into C60 and been partially oxidized. It is important to note at this point that 
this C:I ratio can only be determined experimentally for C60 thicknesses of 64 Å or 
greater. This is because at lower C60 thicknesses the I 3d5/2 signal from I- at ~618.9 eV 
(iodide in FASnI3) is too intense and overshadows the peak at higher BE. In the XPS of 
the untreated FASnI3/C60 interface a relatively consistent C:I ratio was observed between 
64 and 256 Å with an average of 334:1. For C60 thickness where the C:I ratio could not 
be measured this ratio is used in the calculation of IC60. This assumes that the dispersion 
of iodide in C60 is homogenous; should this not be the case it is expected that the 
concentration of iodide would be higher closer to the FASnI3 interface and therefore we 
are potentially underestimating the concentration of iodide in the C60 overlayer at lower 
thicknesses. Nonetheless, once IC60 is determined the next step is to calculate the amount 
of iodide present in the FASnI3 surface (Iperov). FASnI3 forms a cubic structure that 
contains 3 iodides per unit cell and the surface, or the depth in which iodide may be 
depleted, is not trivial to define. We call this variable the height of the perovskite surface 
(hperov) and consider multiple depletion layer thicknesses (# of unit cells) when 
performing the calculations for iodide deficiency. To determine Iperov we use equation 2: 
𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = �
𝑎𝑎𝑠𝑠602
𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝2
� ∗ ℎ𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 3        (2) 
FASnI3 forms a cubic structure and has a lattice constant of 12.68 Å (aperov), which means 
the area of a single unit cell face is smaller than that of C60. Equation 2 therefore accounts 
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first for this difference in unit cell size before converting to the number of iodides 
available. Finally, to calculate the iodide deficiency (%Idef) equation 3 is used.    
%𝐹𝐹𝑑𝑑𝑃𝑃𝑑𝑑 =
�𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝−𝐼𝐼𝐶𝐶60�
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝
∗ 100         (3) 
There are therefore three variables in this calculation; the thickness of the C60 overlayer 
(hC60), the C:I ratio from XPS, and the depth of the FASnI3 from which iodide is depleted 
(hperov). Using the hC60 from the stepwise deposition experiments, the C:I ratios 
determined from XPS, and various thickness for the FASnI3 surface we calculate the 
percent iodide deficiency vs. the thickness of the iodide depletion layer as a function of 
the C60 overlayer thickness as shown in Figure 5.7. We estimate that at lower C60 
thicknesses (<32 Å) the iodide deficiency of the FASnI3 surface will be 5-20%, while at 
larger C60 thickness of 256 Å or 400 Å (where 400 Å is the thickness used in devices) the 
level of iodide deficiency could be greater than 75% for the first few layers (~5 nm). If 
the iodide deficiency is uniform across the entire thickness of the film there will be a 3% 
iodide deficiency when 400 Å of C60 is deposited.  These levels of iodide deficiency, 
especially in the case of greater iodide deficiency near the C60 interface, could have major 
impacts on the crystalline structure and energetics in the near-surface region of FASnI3. 
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Figure 5.7: Calculated iodide deficiency vs the thickness of the iodide depletion layer (# of unit 
cells) as a function of the C60 overlayer thickness. Solid lines and markers indicate values 
 
The energy diagram in Figure 5.3C was constructed from a combination of the 
UPS, IPES, and XPS data and shows the evolution of the FASnI3 and C60 energetics from 
0-16 Å and 8-256 Å respectively.  The UPS and IPES of neat FASnI3 and C60 have 
distinctly different spectral features that can be observed experimentally. Thus, at C60 
thicknesses of less than approximately 16 Å it is possible to use linear combination 
methods to extract the contributions from each material in the experimentally obtained 
spectra, as evident in Figure 5.8. While gaussian fits on a logarithmic scale are used to 
determine the band edges for FASnI3, values for C60 are extracted using linear 
extrapolation on a linear scale. The energy diagram (Figure 5.3C) shows that when 8 Å 
C60 is deposited, the LUMO of C60 lies 0.18 eV lower in energy than the conduction band 
minimum (CBM) of FASnI3, which is a favorable energy landscape for transferring 
electrons from FASnI3 to C60.  Furthermore, the HOMO of C60 lies 0.80 eV lower in 
energy than the valence band maximum (VBM) of FASnI3, thereby providing a barrier to 
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hole transfer from FASnI3 to C60. Both the HOMO and LUMO bands of C60 display 
similar upward band bending as the thickness increases.  This upward band bending of 
C60 away from the interface is similar to that observed for C60 on MAPbI3.187-188 
Although the EA of C60 increases with thickness, the LUMO of C60 bends upwards 
because of the more rapidly changing work function. The band bending observed in the 
C60 HOMO is consistent with the C 1s shift observed in the XPS data; likewise, the 
bending of the LUMO is consistent with increased n-doping of C60 near the FASnI3 
interface.  That is, the C60 LUMO is closer to EF near the interface and gradually moves 
farther away as the C60 thickness increases.   
 
Figure 5.8: Linear combinations of pure FASnI3 and C60 used to match experimental data for UPS 
(A) and IPES (B). 
 
The FASnI3 energetics presented in the energy diagram are based on the UPS and 
IPES results, as the XPS results show a different trend.  Here, the XPS results show a 
decrease of approximately 0.3 eV in the binding energy of all the FASnI3 component 
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peaks as the C60 thickness is increased from 2 to 256 Å.  These changes in XPS peak 
positions would suggest an upwards bending of the FASnI3 VBM and CBM at the 
interface; however, the UPS and IPES results indicate a downwards bending of the VBM 
and relatively flat CBM.  The IPES data does show a 0.1 eV increase in EA for FASnI3 as 
the C60 thickness increases to 16 Å, but accounting for the equivalent change in the WF 
results in a flat CBM. The result of these changes is a widening of the transport gap of 
FASnI3 at the interface with C60.  Notably, the energetics of FASnI3 near the interface 
should be favorable for reducing recombination due to the band bending occurring in the 
FASnI3 VBM. We suspect that the depletion of I- from the near-surface region of FASnI3 
and the resulting lattice distortions near the interface may be responsible for the observed 
transport gap widening near the interface and the discrepancy with the XPS results, with 
the loss of I- and lattice distortions disrupting the CB and VB more so than the core 
levels.  
5.2.3 Application and Binding of Surface Ligands 
Next, surface ligands were employed to compare both the influence of the ligand 
binding group and the ligand tail on interfacial energetics and PV device performance 
and stability.  These ligands include octanoic acid (OCA), a similar fluorinated 
derivative, 2H,2H,3H,3H-perfluorononanoic acid (FNCA), and 
trimethylphenylammonium chloride (TMPA-Cl).  Both ammonium and carboxylic acid 
containing ligands have been applied to Pb-based HPs and they are expected to bind to 
the HP surface at different sites.191, 203-204  Here, the ammonium groups can displace FA 
or fill FA vacancies at the surface, while the carboxylic acid groups can either displace I 
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or fill I vacancies.  The tail groups were selected to vary the energetics (e.g., FNCA vs. 
OCA), hydrophobicity, and electronic coupling between C60 and FASnI3.   
 
The most common methods for surface ligand treatments are solution based;191-192, 
196, 205 however, in this work we opted for a vapor treatment process, which poses several 
advantages. The solution processability of FASnI3 limits the solvents that can be used for 
surface treatment, and this need for orthogonal solvents severely limits the range of 
surface ligands that can be applied. Furthermore, solvent effects on the FASnI3 films can 
lead to complications and may facilitate penetration of ligands into the bulk. A vapor 
treatment process following formation of FASnI3 was chosen to circumvent these 
limitations and further details can be found in the experimental section.  
  
XPS of the C1s region was used to probe surface ligand adsorption as displayed in 
Figure 5.9. The partially positively charged carbon in FA appears at approximately 288 
eV and shows good separation from adventitious carbon and the carbon species in many 
surface ligands that appear around 284.5 eV. Thus, the ratio of FA carbon to non-FA 
carbon is a good probe for the absorption of surface ligands. In Figure 5.9 fitting has 
been applied to identify the FA carbon (blue) and non-FA carbon (purple) species, with 
the values inside of the fitted regions indicating the relative peak areas. Note that satellite 
peaks from I 4d can be observed at the lower binding energy. These peaks are the result 
of cross contamination from Mg anode emission in the X-ray source. The un-treated 
FASnI3 film displays a 1:1 ratio of FA to non-FA carbon, whereas the surface ligand 
treated FASnI3 films show an increased amount of non-FA carbon. The FA to non-FA 
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carbon for films treated with TMPA-Cl and OCA increases to 1:1.4 and 1:1.6.  On the 
other hand, films treated with FNCA do not show a significant change in this ratio. This 
is because fluorination shifts the C peaks to higher BEs of ca. 291 eV (off scale, Figure 
5.10A) for CF2 and CF3 and about 286.83 eV for the spacer carbons between the 
carboxylic acid binding group and fluorinated tail. In this case F can be used as an 
additional probe for adsorption of FNCA, and as shown in Figure 5.10B a clear F1s peak 
is observed only in the FNCA modified film.  No significant change in the Sn(II):Sn(IV) 
ratio is observed for any of the ligand treatments, with all FASnI3 films showing a 
Sn(II):Sn(IV) ratio of approximately 12:1, as shown in Figure 5.11. 
 
Figure 5.9: XPS showing the C region of FASnI3 films following surface ligand treatment with 
FNCA, OCA, and TMPA-Cl.  The numbers represent the integrated peak intensities, with the FA 
C peak normalized to 1. 
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Figure 5.10: Extended XPS of the C1s region (A) and F1s region (B) of FASnI3 films with and 
without surface ligand treatment with FNCA (C1s region here measured with Mg anode x-ray 
emission to remove satellite peaks). 
 
 
Figure 5.11: XPS of Sn 3d3/2 peak of FASnI3 with and without surface ligand treatment. Fitting 
shows that >90% of Sn present is in the Sn(II) state and there is no change in the ratio between 
Sn(II) and Sn(IV) after treatment with surface ligands. Also note that the Sn 3d3/2 peak does not 
overlap with any satellite peaks.  
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5.2.4 Influence of Surface Ligands on the FASnI3/C60 interface  
To investigate the effects of surface ligands on the energetic structure at the Sn 
perovskite/C60 interfaces, we performed the same series of incremental depositions of C60 
accompanied by UPS, XPS, and IPES measurements at each thickness increment on 
FASnI3 samples treated with FNCA, OCA, and TMPA-Cl.  Two of the modifiers, OCA 
and TMPA-Cl, showed similar results as the un-treated film, and thus we focus the bulk 
of this discussion on the FNCA treated FASnI3 interface. Figure 5.12A and B show the 
evolution of the UPS and IPES spectra on a semilogarithmic plot for the FNCA modified 
film as the thickness of C60 is increased from 0 to 256 Å. The FNCA treated film shows a 
0.18 eV increase in the work function from 4.83 to 5.01 eV, which is most likely due to 
the surface dipole introduced by FNCA.  The work function shift between the untreated 
and FNCA treated FASnI3 is less than may be expected if a monolayer of a heavily 
fluorinated alkane was present on the surface,206 which is attributed to the formation of 
only a partial monolayer as detailed below. Using the same fitting methods as described 
for the neat FASnI3 film, the IE and EA for the FNCA modified film are found to be 5.51 
eV and 4.03 eV, respectively. This corresponds with a 0.2 eV increase in IE and a 0.1 eV 
increase in EA after treatment with FNCA. The difference between the IE and EA values 
give a transport gap of 1.48 eV, which deviates more from the optical gap and is slightly 
larger than the transport gap of neat FASnI3.  The energy diagram in Figure 5.12C was 
constructed from a combination of the UPS, IPES, and XPS data and shows the evolution 
of the FASnI3-FNCA and C60 energetics from 0-16 Å and 8-256 Å respectively.  
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Figure 5.12: Secondary electron cutoff region (A) and onset region (B) recorded using UPS and 
IPES during the stepwise deposition of C60 on FASnI3 with FNCA surface ligand treatment. 
Results are summarized in a schematic diagram of the energy levels (C). Work functions were 
determined from the SECO in UPS. 
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For determining surface coverage of a surface ligand on top of the perovskite 
layer, we followed the work done by Gao at. el.207 Equation 4 is used to calculate the 
surface coverage (φ) of a ligand based on the XPS atomic ratio from atom x in the 
overlayer (𝐹𝐹𝑂𝑂𝑉𝑉𝑥𝑥 ), where the overlayer is FNCA, to element y from the substrate (𝐹𝐹𝑆𝑆𝑆𝑆𝑏𝑏
𝑦𝑦 ), 
where the substrate is FASnI3:  
𝐼𝐼𝑂𝑂𝑂𝑂
𝑥𝑥
𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆
𝑦𝑦 =
𝐼𝐼𝑂𝑂𝑂𝑂,∞
𝑥𝑥
𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆,∞
𝑦𝑦
𝜙𝜙 (1−exp�− 𝑑𝑑𝑂𝑂𝑂𝑂𝐶𝐶𝑜𝑜𝑠𝑠(𝛽𝛽)
𝜆𝜆𝑂𝑂𝑂𝑂,𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠
𝑥𝑥 𝐶𝐶𝑜𝑜𝑠𝑠(𝜃𝜃)
�)
1−𝜙𝜙+𝜙𝜙 exp�−�𝑑𝑑𝑂𝑂𝑂𝑂+𝐷𝐷�𝐶𝐶𝑜𝑜𝑠𝑠(𝛽𝛽)
𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆,𝑂𝑂𝑝𝑝
𝑦𝑦 𝐶𝐶𝑜𝑜𝑠𝑠(𝜃𝜃)
�
= 𝑆𝑆𝐹𝐹
𝑥𝑥
𝑆𝑆𝐹𝐹𝑦𝑦
 𝜌𝜌𝑂𝑂𝑂𝑂
𝑥𝑥
𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆
𝑦𝑦  
𝜆𝜆𝑂𝑂𝑂𝑂
𝑥𝑥
𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆
𝑦𝑦
𝜙𝜙 (1−exp�− 𝑑𝑑𝑂𝑂𝑂𝑂𝐶𝐶𝑜𝑜𝑠𝑠(𝛽𝛽)
𝜆𝜆𝑂𝑂𝑂𝑂,𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠
𝑥𝑥 𝐶𝐶𝑜𝑜𝑠𝑠(𝜃𝜃)
�)
1−𝜙𝜙+𝜙𝜙 exp�−�𝑑𝑑𝑂𝑂𝑂𝑂+𝐷𝐷�𝐶𝐶𝑜𝑜𝑠𝑠(𝛽𝛽)
𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆,𝑂𝑂𝑝𝑝
𝑦𝑦 𝐶𝐶𝑜𝑜𝑠𝑠(𝜃𝜃)
�
    (4) 
In the equation above SF is the sensitivity factor, ρ is the atomic density, and λ is 
the attenuation length in an infinitely thick layer. Here, the superscripts indicate the 
element (x or y), dOV is the thickness between the element of interest coming from the 
overlayer and the topmost surface, dOV +D is the thickness of the overlayer, λxOV,self  is the 
attenuation length of element x passing through the overlayer itself and λySub,OV is the 
attenuation length of element y passing through the surface ligand layer.  Assuming the 
carboxylic group from FNCA binds to Sn, and FASnI3 has two crystal structure forms 
(cubic and tetragonal) we can approximate 𝜌𝜌𝐶𝐶𝐶𝐶
𝑂𝑂
𝜌𝜌𝐹𝐹𝐶𝐶𝑆𝑆𝑖𝑖𝐼𝐼3
𝑆𝑆𝑖𝑖  to 1.8
𝑎𝑎𝑠𝑠𝑆𝑆𝑆𝑆𝑖𝑖𝑠𝑠
𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑠𝑠(𝛽𝛽)
 where 𝑎𝑎𝑐𝑐𝑆𝑆𝑏𝑏𝑘𝑘𝑐𝑐 is length 
of cubic unit cell of perovskite solar cell, 𝑑𝑑𝐶𝐶𝐶𝐶 is length of a CA, and β is the tilt angle of 
the surface ligand.208-209 Pubchem (https://pubchem.ncbi.nlm.nih.gov/) was used to 
estimate all the geometric values.  To approximate the attenuation length of an element 
we used equation 5: 
𝜆𝜆 = 0.316 × 1012 ( 𝐶𝐶
𝜌𝜌m𝑁𝑁
)1/2 [ 𝐸𝐸
𝑍𝑍0.45(3+ln 𝐸𝐸27)
+ 4]          (5) 
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Where A is the atomic molar mass in g mol-1, ρm is mass density in kg m-3, N is 
Avogadro’s number, Z is the total atomic number of the layer and E is kinetic energy of 
the element of interest.  
 
For FNCA, we can take advantage of fluorine atoms and analyze the surface 
coverage with respect to the F:Sn ratio.  This is beneficial as it eliminates the uncertainty 
associated with oxygen adsorption on the surface that is not associated with the 
carboxylic acid group. However, having multiple fluorine atoms on the alkyl chain at 
varying positions complicates the calculation of the attenuation length. Here, the signal 
ratio analysis was done based on the difference between the take-off angle and molecular 
tilt angle (|𝜃𝜃 − 𝛽𝛽| = 𝛿𝛿). In case where δ is zero the fluorine signals are more strongly 
attenuated by the FNCA molecule, as the electron trajectory to the analyzer is directly in 
line with the FNCA chain direction. When δ is 90°, the electron path to the analyzer is 
perpendicular to the axis of the FNCA chain and the signal is minimally attenuated. In 
case of δ=90°, the attenuation length for F atoms is approximated using equation 5 to be 
2.7 nm and 
𝜌𝜌𝐶𝐶6𝐹𝐹13
𝐹𝐹
𝜌𝜌𝐹𝐹𝐶𝐶𝑆𝑆𝑖𝑖𝐼𝐼3
𝑆𝑆𝑖𝑖 = 11.7
𝑎𝑎𝑠𝑠𝑆𝑆𝑆𝑆𝑖𝑖𝑠𝑠
𝑑𝑑𝐶𝐶𝐹𝐹2
 . Since the F atoms will not be attenuated by any other 
elements, we can use equation 6 for calculating the surface coverage: 
𝐼𝐼𝐶𝐶6𝐹𝐹13
𝐹𝐹
𝐼𝐼𝐹𝐹𝐶𝐶𝑆𝑆𝑖𝑖𝐼𝐼3
𝑆𝑆𝑖𝑖 =
𝑆𝑆𝐹𝐹𝐹𝐹
𝑆𝑆𝐹𝐹𝑆𝑆𝑖𝑖
(11.7 𝑎𝑎𝑠𝑠𝑆𝑆𝑆𝑆𝑖𝑖𝑠𝑠
𝑑𝑑𝐶𝐶6𝐹𝐹13
) 
𝜆𝜆𝐶𝐶6𝐹𝐹13
𝐹𝐹
𝜆𝜆𝐹𝐹𝐶𝐶𝑆𝑆𝑖𝑖𝐼𝐼3
𝑆𝑆𝑖𝑖
𝜙𝜙  
1−𝜙𝜙+𝜙𝜙 exp�− 𝐷𝐷𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶
𝜆𝜆𝐹𝐹𝐶𝐶𝑆𝑆𝑖𝑖𝐼𝐼3,𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶
𝑆𝑆𝑖𝑖 𝐶𝐶𝑜𝑜𝑠𝑠(𝜃𝜃)
�
      (6) 
In case of δ=0°, the F signal from a specific F will be attenuated by the other C and F 
atoms above it. For simplicity, we approximate the average F attenuation based on the 
amount of attenuation from the CF2 group in the C7 position, which is attenuated by the 
C2F5 group. We can calculate the surface coverage of such case with the equation below: 
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𝐼𝐼𝐶𝐶6𝐹𝐹13
𝐹𝐹
𝐼𝐼𝐹𝐹𝐶𝐶𝑆𝑆𝑖𝑖𝐼𝐼3
𝑆𝑆𝑖𝑖 ~
𝑆𝑆𝐹𝐹𝐹𝐹
𝑆𝑆𝐹𝐹𝑆𝑆𝑖𝑖
(11.7 𝑎𝑎𝑠𝑠𝑆𝑆𝑆𝑆𝑖𝑖𝑠𝑠
𝑑𝑑𝐶𝐶6𝐹𝐹13
) 
𝜆𝜆𝐶𝐶2𝐹𝐹2
𝐹𝐹
𝜆𝜆𝐹𝐹𝐶𝐶𝑆𝑆𝑖𝑖𝐼𝐼3
𝑆𝑆𝑖𝑖
𝜙𝜙 (1−exp�−
𝑑𝑑𝐶𝐶2𝐹𝐹5
𝜆𝜆𝐶𝐶2𝐹𝐹5
𝐹𝐹 𝐶𝐶𝑜𝑜𝑠𝑠(𝜃𝜃)
�)
1−𝜙𝜙+𝜙𝜙 exp�− 𝐷𝐷𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶
𝜆𝜆𝐹𝐹𝐶𝐶𝑆𝑆𝑖𝑖𝐼𝐼3,𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶
𝑆𝑆𝑖𝑖 𝐶𝐶𝑜𝑜𝑠𝑠(𝜃𝜃)
�
        (7) 
At β=0°, when θ=0° equation 7 is used and when θ=45 and 75° equation6 is used to 
calculate the predicted intensity ratio. For β=45°, when θ=0 and 75° equation 6 is used to 
calculate the intensity ratio. For δ=0° we used both equations 6 and 7 with a weighting 
factor. In the case where the tilt angle is large, β=75°, when θ=0° and 45°equation 7 is 
used to calculate the intensity ratio and when θ=75° we used a combination of equation 6 
and 7 with a weighting factor. The results are shown in Figure 5.13. Through comparison 
to the experimentally measure intensities, as shown in Table 1, the surface coverage of 
FNCA is estimated to be 20 to 40%. 
 
Figure 5.13: Plot of the calculated IF/ISn ratio as a function of surface coverage for FNCA with 
varying electron take-off angle and varying molecular tilt angles.   
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Table 5.1 Experimentally measured F:Sn ratios for varying angles.   
Electron take-off angle IF:ISn 
0 0.64 
45 0.82 
75 1.3 
 
The XPS spectra taken at each thickness increment during the deposition of C60 
on FNCA-FASnI3 are displayed in Figure 5.14.  Here, all XPS peaks from FASnI3 shift 
by approximately 0.3 eV towards lower binding energies as the C60 thickness is increased 
from 0 to 32 Å, which is similar to the shifts observed for unmodified FASnI3 as the C60 
thickness is increased from 2 to 32 Å.  However, the FNCA-treated FASnI3 does not 
show the initial increase in BE of 0.2 to 0.3 eV upon deposition of 2 Å C60 that was 
observed for the un-treated film. Attenuation of the Sn and I peaks follow the same trend 
as observed in the non-modified FASnI3 film, where Sn is absent in the XPS spectra after 
128 Å of C60 has been deposited, but I remains visible through 256 Å. Likewise the 
position of the I peaks at the final thickness are approximately 1 eV higher and the same 
evolution of the I 3d5/2 peak as presented in Figure 5.4D is observed. Further, comparison 
of the C:I ratio at C60 thicknesses of 64 Å and greater shows essentially no change from 
the control at 330:1. These results indicate that FNCA treatment has little effect on the 
diffusion of I- into the C60 layer.  The inability of FNCA to reduce or prevent I- diffusion 
is attributed to the incomplete surface coverage of FNCA.  
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Figure 5.14: XPS data showing the C 1s (A), Sn 3d (B), and I 3d (C) regions during the stepwise 
deposition of C60 on FASnI3 with FNCA ligand exposure 
 
The energy diagram shows that despite the changes in the FASnI3 CBM and 
VBM after FNCA treatment, the LUMO and HOMO of C60 remain offset in favorable 
positions for electron transfer from FASnI3 to C60. Similar to un-treated FASnI3, both the 
HOMO and LUMO bands of C60 display upward band bending as the thickness increases. 
Again, the UPS results are at odds with the XPS results with regards to the FASnI3 VBM 
shift at the interface.  Here, UPS results show that the VBM moves away from EF as the 
C60 thickness is increased, but XPS results show that the core level energies move closer 
towards EF as the C60 thickness is increased. 
 
 Stepwise C60 depositions with UPS, IPES, and XPS measurements were recorded 
for TMPA-Cl and OCA treated FASnI3 as well.  These results, as displayed in Figures 
5.15 and 5.16, show that little change is observed upon treatment with surface ligands, 
that is the work function, IE, and EA values vary by less than 0.1 eV from the neat 
FASnI3 film.  As C60 is deposited similar trends are observed as seen with untreated 
FASnI3. That is, a downward band bending of the FASnI3 VB and CB that is offset by a 
significant vacuum level shift of ca. 0.28 eV and an upwards band bending of the HOMO 
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and LUMO levels of C60. Additionally, both show evidence of I- diffusion into C60 as 
shown in Figure 5.17. In general, all the examined interfaces show a favorable energy 
landscape for electron transfer from FASnI3 to C60, widening of the FASnI3 transport gap 
at the interface with C60, small increases in the work function upon increasing C60 
thickness, and band bending in both C60 and FASnI3. 
 
Figure 5.15: Secondary electron cutoff region (A) and onset region (B) recorded using UPS and 
IPES during the stepwise deposition of C60 on FASnI3 with TMPA-Cl surface ligand treatment. 
Results are summarized in a schematic diagram of the energy levels (C). 
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Figure 5.16: Secondary electron cutoff region (A) and onset region (B) recorded using UPS and 
IPES during the stepwise deposition of C60 on FASnI3 with OCA surface ligand treatment. 
Results are summarized in a schematic diagram of the energy levels (C). 
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Figure 5.17: XPS data showing the I 3d region during the stepwise deposition of C60 on FASnI3 
with TMPA-Cl (A) and OCA(B) ligand exposure. In both, I3d peaks are still present after 
deposition of 256 Å C60 and are shifted towards higher BE by approximately 1 eV.  
 
5.2.5 Effect of Surface Ligands on PV performance and Stability 
To examine how altering the interfacial energetics through treatment with surface 
ligands affects interfacial charge transfer processes, photovoltaic devices were fabricated 
with the architecture ITO/PEDOT:PSS/FASnI3+surface ligand/C60/BCP/Ag, both with 
and without surface ligand treatment of the FASnI3. The max (average) efficiency 
achieved with non-modified FASnI3 was 4.98 (4.71)%, 3.76 (3.5)% for OCA, 4.38 
(3.83)% for FNCA, and 5.93 (5.55)% for TMPA-Cl.  Some of these best PV devices were 
achieved in different fabrication sets completed over a period of four months and 
significant set-to-set variations were observed, which is related to the sensitive nature of 
FASnI3 fabrication and ligand treatment. Based on multiple comparisons within single 
sets of devices, the surface ligands TMPA-Cl and FNCA typically increase PCE, whereas 
OCA typically results in similar PCE as the non-modified device. A common trend 
observed with the highest performing devices containing TMPA-Cl and FNCA surface 
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ligands is an improvement in the open circuit voltage (VOC), with the best PV devices 
showing Voc increases of 0.1 and 0.08 V, respectively, compared to un-treated devices.  
In the direct side-by-side comparison shown in Figure 5.18, only FNCA displays a 
statistically significant increase in VOC, whereas both FNCA and OCA show marginal 
improvements in short circuit current density (Jsc).
 
Figure 5.18: Current-voltage curves measured under AM1.5 simulated irradiation for the PV 
devices with various surface ligand treatments (A) and the PCE of the PV devices as function of 
time after device fabrication (B). 
 
The PV device results may in part be rationalized through the changes observed in 
the interfacial energetics. All FASnI3/C60 interfaces, with and without surface ligands, 
retain favorable energy level offsets for electron transfer from FASnI3 to C60, thus no 
appreciable loss in PV device performance is expected. However, the improvements 
observed for devices that contain TMPA-Cl and FNCA may be ascribed to subtle 
changes in the interfacial energetics. For instance, at TMPA-Cl and FNCA modified 
interfaces the FASnI3 conduction band shows more pronounced downward bending of 
0.11 and 0.12 eV, respectively, which may promote photogenerated electron migration 
from the FASnI3 bulk to the interface with C60. This bending in the FASnI3 conduction 
band is not observed for the untreated or OCA treated interfaces. Further, the overall 
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vacuum level shifts observed upon C60 deposition with TMPA-Cl and FNCA modified 
films is reduced compared to the untreated and OCA treated films.  The LUMO bending 
in C60 and the vacuum level shifts should result in increased electron accumulation at the 
interface with FASnI3; thereby, the more minimal shifts in the FNCA and TMPA-Cl 
treated films are suspected to benefit PV performance by reducing the electron density at 
the FASnI3 interface. 
 
To investigate the impact of surface ligands on device stability a single device set 
was fabricated using all surface ligands and the devices were tested as a function of time 
after device completion to monitor the degradation of device performance. Figure 5.18 
shows JV curves for the best PV devices with each surface ligand obtained in this set and 
the normalized change in average PCE as a function of time.  During this measurement 
series, the devices were stored and tested in a nitrogen filled glovebox with O2 and H2O 
levels below 0.2 and 0.5 ppm, respectively. Over the first three hours all device averages 
drop sharply, after which a slower decay component begins. Non-modified devices 
degrade rapidly: reaching 50% of their original PCE by approximately the 60-hour mark. 
Devices treated with OCA and TMPA-Cl show similar instability; however, those treated 
with FNCA show significantly improved stability. After 10 and 20 days of storage the 
average PCE remains above 90 and 75% of the initial value, respectively. We suspect that 
the increased stability upon FNCA treatment is due to the hydrophobic nature of the 
heavily fluorinated tail group, which can help reduce degradation reactions with water. 
These results highlight the promise of using surface ligands to stabilize the PV 
performance of Sn-based HPs. 
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5.3 Conclusions 
The FASnI3/C60 interfaces, both with and without surface ligands, all display 
favorable energy landscapes for electron transfer from FASnI3 to C60.  The widening of 
the FASnI3 transport gap at the C60 interface and the disagreement in the core level and 
valence band shifts relative to EF highlights that significant changes are occurring in the 
electronic structure of FASnI3 at this interface, which may have a significant influence on 
PV performance.  In part, these electronic structure changes may be attributed to I- 
diffusion out of FASnI3 and into C60.  Currently, the influence of I- diffusion and n-
doping of C60 on interfacial energetics, charge transfer, and PV performance are unclear 
and are a subject of active investigation in our group.  The observation that the surface 
ligand FNCA can greatly improve the stability of FASnI3-based PSCs, even though it 
does not inhibit I- diffusion, emphasizes the potential importance of surface ligands and 
underscores the need to better determine degradation mechanisms in Sn-based PSCs. 
5.4 Experimental Details  
Materials. 
Perovskite precursors and solvents include Tin (II) Iodide (SnI2, 99.999%), 
anhydrous N,N-Dimethylformamide (DMF, 99.8%), and anhydrous toluene (99.8%) all 
purchased from Alfa Aesar. Formamidinium Iodide (FAI, Greatcell Solar), Tin (II) 
Fluoride (SnF2, 99%) and anhydrous anisole (99%) were purchased from Acros Organics. 
Dimethyl sulfoxide (DMSO, 99.9%, Seccosolv) was purchased from Millipore Sigma.  
All listed solvents were degassed using at least three freeze-pump-thaw cycles.   Contacts 
and transporting layers consisted of indium tin oxide (ITO) coated glass substrates from 
Tinwell Tech. (15 Ω/□), PEDOT:PSS (Clevios P VP AI 4083), C60 (Nano-C, 99.5%), 
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bathocuproine (BCP, TCI, >99%) and silver (Ag, Kurt J. Lesker, 99.999%). C60 used in 
the interfacial studies was thoroughly purified through a series of heating cycles under 
high vacuum.  Surface ligands include octanoic acid (OCA, 98+%, Alfa Aesar), 
trimethylphenylammonium chloride (TMPA-Cl, >98%, TCI), and 2H,2H,3H,3H-
Perfluorononanoic acid (FNCA, >96%, Sigma Aldrich).  
 
UPS, XPS and IPES measurements. 
Photoelectron spectroscopy measurements were conducted in a PHI 5600 UHV 
system (typical base pressure 3×10-10 mbar). Solution processed films were fabricated 
and transferred completely under a nitrogen atmosphere (typically <0.1 ppm H2O and O2) 
and thermally evaporated films were loaded without breaking vacuum such that no 
sample was exposed to air. All measurements were completed within 24 hours of sample 
fabrication to minimize sample degradation or surface contamination. UPS and XPS 
measurements both employed an 11-inch diameter hemispherical electron energy 
analyzer and multichannel detector. The excitation source for UPS was an Excitech H 
Lyman-α lamp (E-LUXTM121) with an excitation energy of 10.2 eV, which is detailed 
in our previous work.171 All UPS measurements were recorded with -5V sample bias and 
a pass energy of 5 eV. XPS measurements used a dual anode Mg-Al x-ray excitation 
source (Al kα emission 1486.6 eV, and Mg kα at 1256.6 eV); and a pass energy of 30 eV.  
 
IPES measurements were performed in the Bremsstrahlung isochromat mode with 
electron kinetic energies below 5 eV and an emission current of 2 μA to minimize sample 
damage. A Kimball Physics ELG-2 electron gun equipped with a low temperature 
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(1150K) BaO cathode was used to generate the low energy electron beam. Emitted 
photons were collected with a bandpass photon detector consisting of an optical bandpass 
filter (254 nm, Semrock) and a photomultiplier tube (R585, Hamamatsu Photonics). 
During all IPES measurements the UHV chamber was blacked-out to exclude external 
light and samples were held under a -20 V bias. 
 
Perovskite samples for photoelectron spectroscopy studies were prepared on 
PEDOT:PSS covered ITO substrates using the procedure described in the device 
fabrication section. During the incremental depositions pressure was maintained below 5 
x 10-7 mbar in the deposition chamber and low deposition rates of <0.5 Å/s were used and 
closely monitored with quartz crystal microbalances.    
 
PV device fabrication and characterization. 
Patterned 2x2 cm ITO-coated glass substrates were cleaned by sequential 
sonication in deionized water with sodium dodecyl sulfate, pure deionized water, acetone, 
and 2-propanol each for 15 minutes. After drying with compressed air the ITO-coated 
substrates were UV-ozone treated for 15 minutes. Immediately following UV-ozone 
treatment 175 μL of room temperature, 0.45 μm nylon filtered, PEDOT:PSS solution was 
spun cast at 4,000 rpm for 45 s with an acceleration of 800 rpm/s before annealing at 120 
°C for 15 minutes in air. The samples were then transferred into a N2 filled glove box 
(typically <0.1 ppm O2 and H2O) for all further processing.  
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Inside the glovebox a 1.1M FASnI3 precursor solution with 10 mol% SnF2 was 
prepared by dissolving SnI2, FAI, and SnF2 in a 1:1:0.1 molar ratio using a 70:30 (V:V) 
mixture of anhydrous and degassed DMF and DMSO.  This solution was mixed at 750 
rpm without heat for at least 2.5 hours before spin casting. Following a similar procedure 
from the literature,210 the perovskite solution was then deposited by spin coating 75 μL of 
solution at 9,999 rpm (with maximum acceleration) for 2 s before a 25 s ramp down to 0 
rpm (400 rpm/s deacceleration). The substrates were then immersed in anisole for 
approximately 4 seconds before being placed back on the spin coater and spun at 4,000 
rpm for 30 s (2,000 rpm/s acceleration) to dry. When 5 s remained in this spin cycle 120 
μL of toluene was quickly dropped on the substrate surface from a height of 
approximately 1 cm as a second anti-solvent treatment. Samples then sat at room 
temperature for 5 minutes before annealing at 130 °C for 15 minutes.  The films were 
then transferred to a thermal evaporator where 40 nm C60 and 8 nm BCP were 
sequentially deposited at a pressure of approximately 1 x 10-6 mbar. Finally, 100 nm Ag 
electrodes were deposited through a shadow mask defining cells with an area of 0.1 cm2.  
PV performance was measured inside the glove box using a solar simulator (ABET 
technologies, 11002) at 100 mW/cm2 illumination (AM 1.5G). The solar intensity was 
adjusted using a calibrated photodiode from Thorlabs (FDS1010-CAL) with a KG3 filter.  
 
Vapor treatment with surface ligands. 
 Treatment of the FASnI3 films with surface ligands occurred after annealing was 
completed. The bottom half of a petri dish was placed on a hotplate set to the desired 
temperature (140 °C for TMPA-Cl and 90 °C for FNCA and OCA) and given 2 minutes 
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to warm up. During this time FASnI3 samples were affixed to the lid of the petri dish 
using Kapton tape such that the perovskite film was oriented down. After 2 minutes 
passed 5-10 mg (or 10-20 μL) of the desired ligand was placed in center of the warm petri 
dish bottom before immediately capping with the lid containing the affixed samples. The 
dishes and samples were left unperturbed for 2 minutes before removing from the 
hotplate and immediately retrieving the samples from the petri dish lid. As a check for the 
impact this additional heating may have, this procedure was performed without the 
inclusion of a surface ligand at temperatures up to 200 °C; no changes in PV performance 
were observed. Additionally, in device sets where some samples are not treated with 
surface ligands, or multiple surface ligands are being used, great care is taken to 
minimize chances for contamination by placing samples in heat-sealed bags or moving 
them into an adjacent antechamber or glovebox.   
 
UV-Vis absorbance and photoluminescence measurements. 
 UV-Vis absorbance and photoluminescence measurements are carried out inside a 
N2-filled glovebox with an Ocean Optics QE Pro high-performance spectrometer. UV-vis 
absorbance measurements are performed inside an integrating sphere whereas 
photoluminescence measurements are performed in an open fixed geometry setup to 
reduce re-absorption effects. FASnI3 samples are prepared on glass substrates and 
modified with surface ligands using the procedures already described.    
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  REDUCTION OF ION DIFFUSION INTO TRANSPORT LAYERS BY SURFACE 
PASSIVATION IN TIN PEROVSKITE PHOTOVOLTAICS 
6.1 Introduction 
Halide perovskites have emerged as spectacular new active materials for 
photovoltaics with lead-based halide perovskites exhibiting a meteoric rise in power 
conversion efficiencies (PCEs) from 3.8% in 2009 to over 25% less than a decade later.9, 
23 Numerous extraordinary properties of the Pb-based perovskite materials have 
facilitated this accelerated progression including high absorption coefficients,29 high 
charge-carrier mobility,30 long charge-carrier diffusion lengths,31 high defect tolerance,32 
tunable bandgap,33 low exciton binding energy,34-35 and low-cost production methods.36-37 
This final point can be attributed to the utilization of earth-abundant raw materials, low 
purity requirements, and simple low-temperature solution processing methods for 
fabrication, all of which make them excellent candidates for commercialization.8 
Consequently, the easy solution processability of Pb-perovskites is also a curse, as they 
exhibit non-trivial dissociation and dispersibility in polar solvents such as water.38 This 
renders these materials readily bioavailable and extremely toxic as a result of Pb,38-40 
albeit the small amount of Pb present has raised debate over the extent of the Pb toxicity 
issue.38 Further, a recent study suggests that the inclusion of an organic cation like 
methylammonum (commonly used in Pb-halide perovskites) provides an amplifying 
effect on the bioavailability, making them a more harmful source of Pb than may have 
been originally expected.41 The development of Pb-free halide perovskites is therefore of 
great interest, and tin (Sn) is regarded as a prominent alternative owing to the ideal 
bandgap and reduced toxicity exhibited by Sn-halide perovskites. Though research efforts 
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have been less zealous than for their lead counterparts, tin based perovskites have 
continued to quietly improve and have recently achieved a new record PCE of 12.4%.48 
  
Surfaces and interfaces in halide perovskite are areas of current research interest, 
as recent works have shown that they are plagued by greatly increased defect densities 
relative to the bulk.53, 56-57 These are largely from dangling bonds and under-coordinated 
centers that result from the abrupt termination of the perovskite crystal lattice at grain 
boundaries and surfaces.56 These defects can act as trap states and nonradiative 
recombination centers, which results in severely increased recombination rates relative to 
the bulk and therefore significant performances losses in PV devices.55-57, 180 Further, 
these defects can have low activation energies for migration, which can facilitate the 
movement of ions within the perovskite bulk and across perovskite/transport layer 
interfaces.211-213 
 
The relatively high ion mobility within perovskite materials and PVs has been an 
area of concern for some time in Pb-based systems. As early as 2013, when perovskite 
PVs were beginning their rapid ascent of the efficiency ladder, speculations were raised 
about ion mobility and its potential role in the observed photocurrent hysteresis.213-214 
Follow up work has demonstrated that ion migration occurs readily under stresses such as 
light,214-215 heat,216-217 and electric poling.218-219 In fact, the relative ease of ionic 
movement within perovskite films has led to some claims of “crystal-liquid” like 
properties for perovskite films.220 Within perovskites, the halides and A-site cations are 
generally the most mobile species and their mobility is speculated to contribute to several 
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unusual phenomenon in perovskite films and devices such as current-voltage 
hysteresis,214, 221 photoinduced phase segregation,215, 222 a switchable photovoltaic 
effect,218, 223 and electric-field driven chemical reactions.224 However, these ionic motions 
are not limited to the confines of the perovskite film. For example, high-angle annular 
dark-field (HAADF) imaging combined with energy-dispersive x-ray spectroscopy 
(EDX) measurements have shown the migration of iodide out of methylammonium lead 
iodide (MAPbI3) and into Spiro-OMeTAD in response to heating (85ᵒ C) or illumination 
(1 sun, 200 hours) under inert conditions.225-226 Similarly, in inverse p-i-n device 
structures iodide and methylammonium from MAPbI3 have been shown to diffuse into 
fullerene transport layers when silver top contacts are used, as evidenced by time-of-
flight secondary ion mass spectroscopy (ToF-SIMS).217, 227 The movement of ions out of 
the perovskite layer can oxidize or reduce the neighboring transport layers, which can 
impact their electrical conductivities,225, 227 degrade the perovskite film through halide 
deficiency,73 and react with metal electrodes forming insulating corrosion layers such as 
AgI.73, 227-228  
 
Tin perovskite compositions are expected to have a similar, or perhaps greater, 
degree of ion mobility owing to the shared crystal structures and increased defect 
concentrations relative to their Pb counterparts.47, 159, 229 In our recent work with FASnI3 
we observed a similar migration of iodide from the perovskite into a deposited C60 layer 
without the application of any stresses or the presence of a top metal contact.230 This 
coincided with evidence of n-doping of the fullerene, which is consistent with other 
reports that iodide can n-dope fullerenes.199-201, 227 Further, through an interfacial study of 
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FASnI3/C60 energetics we found evidence of significant downward band bending of the 
FASnI3 valence band and a widening of the transport gap at the interface that was 
contradictory to the core level shifts observed.230 We proposed that this was a result of 
iodide depletion of near surface layers of the perovskite film.230  
 
One potential route for mitigating iodide diffusion and depletion of the perovskite 
surface is the application of surface ligands. In addition to potentially blocking ion 
diffusion, post-fabrication surface treatments with small molecules can passivate surface 
defect states,180, 192, 194 slow the ingress of harmful species like O2 and H2O,191, 231 and 
manipulate interfacial energetics.195, 232 Thus, surface ligands provide a means to control 
and tune perovskite surfaces and interfaces, which in Pb-based systems has resulted in 
increased PL intensity,180, 192 reduced surface recombination, improved stability,191, 196 
and improved PV performance.191-192, 196 Despite numerous reports on the defect-
passivation and moisture blocking capabilities of surface ligands, there has been little 
investigation into how they affect ion migration across interfaces. Strategies to suppress 
ion migration have involved the insertion of additives into the perovskite bulk such as 
KI,233 or the inclusion of thin chemical inhibition layers such as antimony sulfide (Sb2S3) 
or lead sulfate.234-235 The former methodologies can have unintended impacts on the bulk 
film properties, while the latter are insulating layers that must be precisely controlled to 
minimize the negative effects on charge-carrier transport out of the perovskite layer. In 
this ongoing work, we present the application of surface ligands to bind with the FASnI3 
surface in efforts to inhibit iodide migration at the interface with C60.  
128 
 
6.2 Results and Discussion  
6.2.1 Iodide Diffusion across FASnI3/C60 Interface 
In the previous chapter the phenomena of iodide diffusion across the FASnI3/C60 
interface was first noted during a stepwise C60 deposition series onto the perovskite 
surface. Here the XPS peak intensities corresponding to elements in the perovskite were 
gradually attenuated until they vanished, with exception for iodide that remained even 
after the formation of a 25.6 nm C60 overlayer. The weak Iodide peaks that remained 
were shifted towards higher binding energies by >1 eV suggesting an increase in the 
average oxidation state of I-. While these results are clear, warranted concerns could be 
raised that the diffusion of iodide may have been enabled or facilitated by the incremental 
build-up of the C60 layer over several hours paired with repeated probing through PES 
and IPES methods. To eliminate these factors a FASnI3/C60 sample was prepared in 
which the C60 layer (25.6 nm) was deposited in one continuous deposition (0.5 Å/s). This 
sample was measured with XPS immediately following the completion of the C60 
deposition, and then again 3 and 24-hours post-deposition. In between these 
measurements the sample was stored inside a nitrogen filled glovebox. Figure 6.1 (A) 
shows XPS spectra of the I 3d region for this sample at each time interval. During the 
initial measurement no iodide is observed, however by the 3-hour mark peaks have 
become clearly visible indicating the presence of iodide in the near surface region of the 
C60 film. In the XPS spectra 24-hours post-deposition the peaks are still present with little 
change in their intensity suggesting that most diffusion occurred within the first 3 hours. 
Figure 6.1 (B) compares the I 3d spectrum 24-hours post-deposition (x20) with the same 
region from the neat perovskite. Consistent with the previous work we find that the BE of 
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the new peaks has shifted towards higher BE by ca. 1.2 eV, indicating an increase in the 
average oxidation state. Thus, we can conclude that the prior observations of iodide 
diffusion and n-doping of C60 are not resulting from the stepwise deposition 
methodology.  
 
Figure 6.1: XPS of the I 3d region up to 24 hours following C60 deposition on FASnI3 (A) and a 
comparison of the I 3d region after 24 hours with neat FASnI3 (B) 
 
In the subsequent experiments described in this chapter control films were always 
prepared and tested alongside those undergoing various surface treatments to serve as a 
baseline for iodide diffusion in that particular experiment. We note that the extent of 
iodide diffusion observed in these controls covered a wide range, though it was always 
present to some degree. Figure 6.2 displays XPS of the I 3d region for 10 different 
control samples ca. 24 hours after a C60 capping layer was deposited. Ordered by the 
intensity of the I 3d peaks, these spectra demonstrate the varying extent of iodide 
diffusion observed. For reference the sample presented in Figure 6.1 above is included 
(maroon) and falls near the middle of range. These control samples were prepared over 
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the course of one year by three different individuals, so some sample-to-sample variation 
is expected. However, no correlations between the extent of iodide diffusion and 
perovskite surface stoichiometry, amount of carbon contamination, or degree of tin 
oxidation were observed. We therefore suspect that the variation may result from 
morphological differences of the films.  
 
Figure 6.2: XPS of 10 different FASnI3/C60 samples showing the I 3d region 24 hours after 
depositing 25.6 nm of C60. Samples are ordered by the extent of iodide diffusion.  
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An important point of caution is that I2 contamination is not uncommon within 
UHV chambers and can result in surface contamination of samples. In order to probe this 
within our system a 30 nm C60 film on ITO was let sit in the UHV for 4.5 hours (ca. 4x 
longer than typical UHV time for monitoring iodide diffusion) with occasional XPS 
measurements. As displayed in Figure 6.3 no peaks are observed across the I 3d range at 
any time interval, which supports that iodide in the C60 layer must be coming from the 
underlying perovskite material.  
 
Figure 6.3: XPS of the I 3d region for a C60 film after varying lengths of time inside UHV 
analysis chamber 
 
6.2.2 Surface Passivation Through Vapor Deposition of Surface Ligands  
To probe the effect of surface ligands on the iodide diffusion across the 
FASnI3/C60 interface, ligand treated FASnI3 samples were capped with a 25.6 nm C60 
layer followed by time tracked XPS measurements of the I 3d region. As with the control 
displayed in Figure 6.1, XPS measurements were taken at various intervals following the 
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C60 deposition with storage inside a nitrogen filled glovebox occurring between each 
measurement. Initial exploration of surface ligands to mitigate iodide diffusion continued 
to employ the same vapor modification process described in chapter 5, which consisted of 
heating a petri dish containing the perovskite film and surface ligand on a hot plate. One 
such early data set utilizing the surface ligand trimethylphenylammonium chloride 
(TMPA-Cl) is shown in Figure 6.4(A). It can be observed that no I 3d peaks are present 
up to 24 hours post-C60 deposition, indicating that TMPA-Cl is capable of stunting 
iodide diffusion. However, this is in contrast with the results shown previously for the 
stepwise deposition of C60 on a TMPA-Cl treated perovskite film in chapter 5. Efforts to 
replicate these results in subsequent experiments were met with varied success, as 
displayed in Figure 6.4 (B-C), where in one instance iodide diffusion appeared much 
more strongly (B), and in another it was somewhere in between (C). Results of this nature 
were not unique to TMPA-Cl, with surface ligand octanoic acid (OCA) displaying similar 
inconsistencies in its’ ability to stunt iodide diffusion across the FASnI3/C60 interface. 
Thus, in attempt to improve reproducibility, a new methodology was developed for the 
application of surface ligands through vapor deposition.  
133 
 
 
Figure 6.4: XPS of the I 3d region for a FASnI3 film treated with TMPA-Cl at various time 
intervals following the deposition of 25.6 nm C60. Each data series present in (A), (B), and (C) are 
the result of three repetitions of the same experiment. 
 
6.2.3 Vacuum-assisted Vapor Deposition of Surface Ligands 
 This new methodology was centered around a custom built low-vacuum system 
that consists of a 4-way cross main chamber where the ligand is placed, a T-shaped side-
arm that houses a pressure gauge and samples to be treated, and nitrogen and vacuum 
lines positioned opposite each other across the main chamber. A schematic of this system 
is displayed in Figure 6.5, and details of operation can be found in the experimental 
section of this chapter. A low-pressure environment allows for easier vaporization of the 
surface ligand and the opposing vacuum/nitrogen lines were used to generate a carrier gas 
flow that transported vaporized ligand to the area housing the FASnI3 films where it can 
be deposited onto the surface.   
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Figure 6.5: Schematic of vacuum chamber system designed for treatment of perovskite films with 
surface ligands through indirect vapor deposition methods.  
 
Initial experiments with surface ligands in the vacuum chamber revealed a new 
challenge in which samples treated inside the chamber, even when no ligand was present, 
showed large increases in surface carbon from XPS. An example of this is shown in 
Figure 6.6 (A), where XPS of the C 1s region is shown for two FASnI3 films where one 
had no additional processing after completion the perovskite layer (control), and the other 
underwent treatment in the vacuum chamber while no ligand was present (empty 
chamber). Despite the absence of surface ligand, the film that underwent mock treatment 
inside the empty vacuum chamber showed a significant increase in the C 1s peak at 284.5 
eV as compared to the control. For the control film the ratio of FA carbon to non-FA 
carbon was 1:1.4, but for the film that underwent the mock ligand treatment the ratio was 
1:2.5, nearly double. We suspect that the internal surface area of the vacuum chamber 
was adsorbing copious amounts of miscellaneous carbonaceous species while not in use, 
which were subsequently released from the walls during the pumping and heating stages 
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of the treatment process and deposited onto the FASnI3 films. The exact carbon species 
adsorbed inside the vacuum chamber are unknown; this is because space limitations 
necessitate that the system is stored in ambient glovebox conditions, meaning it could 
potentially be exposed to a wide variety of solvents and chemicals.   
 
Figure 6.6: Overlay of C 1s regions from XPS for FASnI3 films that either underwent no 
additional processing, or a mock ligand treatment inside the empty vacuum chamber. In (A) the 
vacuum chamber was not pre-treated in any way, however for (B) the chamber was baked-out 
prior to the mock ligand treatment.  
 
One method explored to alleviate this issue was to perform a bakeout of the 
chamber prior to use in surface treatments. This pre-treatment is described in the 
experimental details section and was shown to reduce the amount of carbon 
contamination, as seen in Figure 6.6 (B), where the increase in the C 1s peak at 284.5 eV 
for the sample undergoing mock surface treatment is reduced, however it was not entirely 
eliminated. To further complicate matters, the carbon contamination layer was seen, at 
times, to also mitigate iodide diffusion into C60 overlayers. Thus, carbon contamination 
resulting from the chamber greatly hindered the ability to observe both surface ligand 
binding and passivation effects. To address this new challenge, the vacuum chamber was 
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redesigned to replace the large central 4-way cross with a straight pipe section, Figure 
6.7 displays the revised chamber schematic. This swap greatly reduces the internal 
surface area of the chamber, which lessens the amount carbon that can be adsorbed inside 
the chamber, and results in a linear configuration that can be more easily and thoroughly 
baked-out through the use of heating tape. The final effect is that FASnI3 films treated 
inside the chamber while no ligand was present did not show an increase in the non-FA 
carbon peak from XPS relative to those which received no additional processing.  
 
Figure 6.7: Revised schematic of vacuum chamber system designed for treatment of perovskite 
films with surface ligands through indirect vapor deposition methods. 
 
The revised vacuum chamber and bakeout procedures where then used to more 
confidently apply surface ligands beginning with OCA. OCA contains a carboxylic acid 
binding group that is expected to replace iodide or fill iodide vacancies at the perovskite 
surface. Consisting mostly of C and O, the most straightforward method to probe OCA 
absorption on a FASnI3 surface is through XPS of the C 1s region as displayed in Figure 
6.8. Two C 1s peaks with large separation are observed corresponding to partially 
positive FA carbon (288 eV) and a mixture of sp2 and sp3 carbon species (284.5 eV) that 
result from adventitious carbon and OCA. The ratio between these two peaks is used as a 
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probe for ligand binding, and it can be observed that after vapor treatment with OCA 
there is a distinct rise in the non-FA carbon. Here the FA:non-FA carbon ratio increases 
from 1:1.6 for the non-modified film to 1:2.6 for the sample treated with OCA, which 
clearly indicates binding of the surface ligand. Note that ghost peaks from I 4d present as 
a low BE shoulder on the non-FA carbon peak, further details for these can be found in 
Chapter 2.  
 
Figure 6.8: XPS showing the C region of FASnI3 films following surface ligand treatment with 
OCA inside the revised vacuum chamber. 
 
6.2.4 Surface Passivation Through Vapor Deposition of Surface Ligands -
Revisited 
With the new vacuum chamber system showing reduced carbon contamination 
and successful modification of the perovskite surface, the effect on iodide diffusion was 
again probed in the same manner as 6.2.2, where a C60 capping layer is deposited onto the 
modified film and the diffusion of iodide is monitored with XPS at various time intervals.  
OCA treated films initially showed stunting of iodide diffusion at times > 24 hours over 
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two consecutive experiments, however in a third trial no such blocking was observed. 
XPS spectra of the I 3d region for the samples are presented in Figure 6.9 (A), where the 
samples from trial 1 and 2 show no I 3d peaks at >24 hours after C60 deposition, however 
the sample from trial 3 does quite clearly.  Moreover, during the third trial a stepwise C60 
deposition series was performed on another segment of the same OCA treated film and 
the I 3d region is shown as a function of C60 thickness in Figure 6.9 (B). Here we 
observe the same evolution of the I 3d5/2 peak shape as shown for the unmodified film in 
chapter 5. That is, at a C60 thickness of 32 Å the data can be adequately fit with a single 
peak, then as the thickness increases to 64 Å and 128 Å a broadening towards higher BE 
is apparent and the data is better fit with two peaks. As the thickness increases the higher 
BE peak becomes dominant until finally, at a C60 thickness of 256 Å, only the higher BE 
I peak remains. The position of this higher BE peak is ca. 1.1 eV shifted from the single 
peak used to fit the data at a C60 thickness of 32 Å, which is consistent with an increase in 
the average oxidation state of I as previous observed.  
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Figure 6.9: XPS of the I 3d region at time intervals >24 hr following the deposition of 25.6 nm 
C60 for three different FASnI3 films treated with OCA (A) and XPS of the I 3d region during the 
stepwise deposition of C60 on FASnI3 with OCA treatment (B) 
6.3 Conclusions and Future Directions 
Iodide diffusion across the FASnI3/C60 interface was found to occur independently 
of C60 deposition methods and was consistently observed over a large series of samples. 
The application of surface ligands through vapor deposition methods has shown potential 
as a passivation layer for stunting iodide diffusion across this same interface. 
Unfortunately, subsequent experiments revealed that these results were not consistently 
achievable. Significant efforts were undertaken to improve control over the vapor surface 
modification process and a new vacuum-assisted method was developed to achieve this. 
Nonetheless, reproducible results regarding the blocking of iodide diffusion could not be 
obtained. We believe that this could be the result of additional factors such as variations 
in film morphology and precise surface termination that may impact the routes of iodide 
diffusion and the extent of surface coverage. These areas, as well as alternate avenues to 
modify this interface, are therefore under active investigation in our group.  
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6.4 Experimental Details 
Materials. 
Perovskite precursors include Tin (II) Iodide (SnI2, Alfa Aesar 99.999%), 
Formamidinium Iodide (FAI, Greatcell Solar), and Tin (II) Fluoride (SnF2, Acros 
Organics 99%). Anhydrous and degassed solvents N,N-Dimethylformamide (DMF, 
SeccoSolv 99.9%), Dimethyl sulfoxide (DMSO, SeccoSolv 99.9%), toluene (Alfa Aesar 
99.8%), and anisole (Acros Organics 99%) were used. All solvents were degassed using 
at least three freeze-pump-thaw cycles.  Perovskite substrates consisted of indium tin 
oxide (ITO) coated glass substrates and PEDOT:PSS (Clevios P VP AI 4083). C60 (Nano-
C, 99.5%) for all depositions was purified prior to use through a series of heating cycles 
under high vacuum. Surface ligand aniline hydroiodide (An-HI, 98%) was purchased 
from Tokyo Chemical Industry (TCI). 
 
FASnI3 film fabrication. 
First 2x2 cm ITO-coated glass substrates were scrubbed with a dish brush and an 
Alconox mild detergent solution before rinsing with deionized water. Substrates were 
further cleaned by sequential sonication in deionized water with sodium dodecyl sulfate, 
pure deionized water, acetone, and 2-propanol each for 15 minutes. After drying with 
compressed air the ITO-coated substrates were UV-ozone treated for 20 minutes. 
PEDOT:PSS solution was filtered through a 0.45 μm nylon filter and let warm to room 
temperature.  Immediately following UV-ozone treatment 175 μL this PEDOT:PSS 
solution was spun cast at 4,000 rpm for 45 s with an acceleration of 800 rpm/s followed 
by annealing at 120 °C for 15 minutes in air. The samples were then transferred into a N2 
filled glove box (typically <0.1 ppm O2 and H2O) for all further processing. Here a 1.1M 
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FASnI3 precursor solution with 10 mol% SnF2 was prepared by dissolving SnI2, FAI, 
and SnF2 in a 1:1:0.11 molar ratio using a 70:30 (V:V) mixture of anhydrous and 
degassed DMF and DMSO.  This solution was mixed at 750 rpm without heat for at least 
2.5 hours before spin casting. The perovskite solution was then deposited by spin coating 
75 μL of solution at 9,999 rpm (with maximum acceleration) for 2 s before a 30 s 
deacceleration 0 rpm. The substrates were then immersed in anisole for approximately 4 
seconds before being placed back on the spin coater and spun at 4,000 rpm for 30 s 
(2,000 rpm/s acceleration) to dry. When 5 s remained in this spin cycle 120 μL of toluene 
was quickly dropped on the substrate surface from a height of approximately 1 cm as a 
second anti-solvent treatment. Samples then sat at room temperature for 5 minutes before 
annealing at 130 °C for 15 minutes. 
 
Vapor treatment with surface ligands 
Vapor treatment of the FASnI3 films with surface ligands always occurred after 
annealing was completed. Three different methodologies were used for the application of 
surface ligands as described below.  
1.  Petri dish method (outlined in chapter 5): 
The bottom half of a petri dish was placed on a hotplate set to the desired 
temperature (140° C for TMPA-Cl and 90° C for OCA) and given 2 minutes to warm up. 
During this time FASnI3 samples were affixed to the lid of the petri dish using Kapton 
tape such that the perovskite film was oriented down. After 2 minutes passed 5-10 mg (or 
10-20 μL) of the desired ligand was placed in center of the warm petri dish bottom before 
immediately capping with the lid containing the affixed samples. The dishes and samples 
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were left unperturbed for a set period of time (2 min in this case) before removing from 
the hotplate and immediately retrieving the samples from the petri dish lid. 
 
2. Vacuum-assisted method version 1: 
 A custom vacuum chamber was built for indirect vapor treatment with surface 
ligands, a schematic for which can be found in Figure 6.5. Solid surface ligand was 
placed in an Al boat at the bottom of the main chamber housing whereas samples were 
placed in tee-shaped side-arm off the main chamber. The entire system was sealed 
through a series of copper and Viton gaskets and evacuated using a dry-scroll pump (base 
pressure ~1 torr). Using the two inlet valves a nitrogen carrier gas flow was introduced to 
the chamber and the pressure set to 6 torr. Next the entire system was lifted onto a pre-
heated hotplate (100-140°C) and let sit for a set time (3-5 min.). When the desired time 
was reached the system was removed from the heat and set on the base of the glovebox to 
act as a heat sink. After 1 minute of cooling the vacuum line was shut and the chamber 
refilled with nitrogen before removal of the samples.   
The pre-treatment bakeout discussed consisted of pumping the chamber to base 
pressure, introducing the 6 torr nitrogen gas flow, and then placing the vacuum chamber 
on a hotplate set to 100°C for 15 minutes.  
3. Vacuum-assisted method in linear configuration (version 2): 
The process with the revised, linear, configuration is largely the same as the 
previous iteration with the main difference being the method of heating. Here ligand is 
placed directly in the straight pipe section as indicated in Figure 6.7, and instead of using 
a hotplate, that portion of the system was wrapped in 0.5” heating tape. After pumping to 
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base pressure and establishing the carrier gas flow the heating tape was set to the desired 
temperature and let sit for 3 minutes after reaching the setpoint (100° C for OCA).   
The pre-treatment bakeout with the linear chamber configuration was identical to 
that described for the previous iteration with the exception of again using heating tape, 
instead of a hotplate, for warming the chamber. Unlike the surface ligand treatment 
process, during the bake-out, the heating tape was distributed over the entire chamber 
rather than localized only on the center portion that houses the surface ligand.   
 
XPS measurements 
XPS measurements were preformed inside a PHI 5600 UHV system (typical base 
pressure 3×10-10 mbar) For all solution processed films the transfer process was 
completed entirely within an inert nitrogen atmosphere (typically <0.1 ppm H2O and O2) 
and for thermally deposited films transfers were completed under vacuum. X-ray 
generation was done using a dual anode Mg-Al x-ray excitation source (Al kα emission 
1486.6 eV, and Mg kα at 1256.6 eV) set to the Al anode. An 11-inch diameter 
hemispherical electron energy analyzer and multichannel detector was used to detect 
photogenerated electrons; a pass energy of 30 eV was utilized.   
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  SUMMARY AND PERSPECTIVE 
In this body of work, we have strived to develop, characterize, and apply a repertoire 
of new instrumental systems and methodologies to advance fundamental understanding 
of Sn perovskites and their interfaces within PV devices. To this end we have presented a 
novel VUV photon source for UPS that provides a widely tunable range of emission 
intensities and significantly reduced radiation induced damage in sensitive samples. 
Moreover, this source provides numerous advantages over traditional systems by not 
requiring VUV monochromators or filters for low backgrounds, differential pumping 
systems, or complex user interfaces. Likewise, we built a LE-IPES system that utilizes 
low kinetic energy electrons and background levels to generate high signal-to-noise ratio 
measurements while minimizing sample degradation. Together these systems were used 
to study the surface energetics of FASnI3 and were found to provide a consistent and non-
damaging means for determining key energetics values like ionization energy and 
electron affinity. Furthermore, UPS, XPS, and IPES studies of FASnI3 film fabrication 
and handling found that both can significantly impact the film composition and therefore 
energetics, potentially explaining some of the incredible variety of reported FASnI3 
energetics.  
 
Next, the first measurements of FASnI3/C60 interfacial energetics were presented 
and the influence of surface ligands on this interface were explored. It was found that in 
all cases the energy landscapes were favorable for electron transfer from FASnI3 to C60, 
with some surface ligands providing favorable energetic enhancements that were 
reflected in PV devices. Moreover, the application of one fluorinated surface ligand was 
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shown to greatly improve FASnI3 device stability.  However, the interfacial energy 
landscape also displayed widening of the FASnI3 transport gap and disagreement 
between the core level and valence band shifts indicated significant changes at the 
interface. Here XPS showed significant loss of I- from FASnI3 and n-doping of C60 that 
was expected to be responsible. In response, we began to explore surface ligands as a 
means to passivate the FASnI3/C60 interface and mitigate iodide diffusion. Here we 
observed mixed success where both ammonium and carboxylic acid containing ligands 
showed excellent iodide blocking capabilities in some instances, and almost no affect in 
others. Efforts to create a more robust vapor surface modification process did not result in 
more consistent results and therefore investigations into surface ligands, as well as 
alternate avenues of surface passivation, are still underway.  
 
Altogether this work has provided insights into the importance of interfaces with 
tin perovskites materials and the complexities of probing and tuning these interfaces. We 
have also established new instrumental systems and techniques with applications to all 
perovskite materials and hope that these efforts will continue to resonate with future 
researchers and elevate research in the field.  
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